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ABSTRACT 
Evaluating Water Filtration and Disinfection for Household, 
Using Slow Sand Filters plus  
Solar Disinfection 
by 
Mariana Demitry, Master of Science 
Utah State University, 2017 
Major Professor: Dr. David K. Stevens 
Department: Civil and Environmental Engineering 
 
  Water-related diseases problem has a great significance in developing countries, 
where polluted water, water shortages, and unsanitary living conditions prevail. The Nile 
River represents the main source of water for many African countries; the Nile water is 
turbid for most of the year and more often the high turbidity is correlated with a high 
level of pathogens. The low-income communities cannot afford the cost of clean drinking 
water, some of them take their water directly from the Nile without any pretreatment.  
In this research, a household water treatment system was built and evaluated as a 
trial for improving the drinking water quality of the Nile River for the low-income 
communities. The system consisted of a household-scale slow sand filter, and transparent 
polyethylene terephthalate-bottles for solar disinfection. The evaluation of the system 
depended on the removal/inactivation of some surrogates for the reference pathogens, and 
turbidity. The reference pathogens are pathogens specified by the World Health 
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Organization to evaluate the efficiency of the household water treatment options. They 
were chosen to represent the classes of pathogens in water (bacteria, viruses, protozoa); if 
the treatment options could control the RP, it is expected that the other pathogens within 
each class will also be controlled. The surrogates used in the evaluation of the system are 
Escherichia coli (E.coli), Clostridium perfringens and Escherichia coli bacteriophage 
(MS2). The candidate surrogates are also specified by the World Health Organization. 
Experimental assessment of the efficacy of the household-scale slow sand filter 
/solar disinfection system and how important factors influence performance were 
investigated. The influence of these factors was investigated using a factorial 
experimental design at two levels. 
The designed household-scale slow sand filter was very efficient in removing the 
different turbidity levels to ≤0.4 NTU. The system was able to achieve the maximum of 
8.54 Log removal (LRV) and the minimum of 6.21 LRV for E.coli, the maximum of 5.74 
LRV and the minimum of 5.42 LRV for Clostridium perfringens, the maximum of 6.69 
LRV and the minimum of 3.34 LRV for MS2. 
The evaluated system was highly protective, cheap, and easy to build and use.  
(111 pages) 
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PUBLIC ABSTRACT 
Evaluating Water Filtration and Disinfection for Household, 
Using Slow Sand Filters plus  
Solar Disinfection 
Mariana Demitry 
In this research, a household water treatment system was built and evaluated as a 
trial for improving the drinking water quality of the Nile River for the low-income 
communities. The system consisted of household-scale slow sand filters, and transparent 
polyethylene terephthalate-bottles for solar disinfection. The evaluation of the system 
depended on the removal/inactivation of some surrogates for the reference pathogens, and 
turbidity. The reference pathogens are pathogens specified by the World Health 
Organization to evaluate the efficiency of the household water treatment options. They 
were chosen to represent the classes of pathogens in water (bacteria, viruses, protozoa). 
The surrogates used in the evaluation of the system are Escherichia coli (E.coli), 
Clostridium perfringens and Escherichia coli bacteriophage (MS2). The candidate 
surrogates are also specified by the World Health Organization. 
The designed household-scale slow sand filter was very efficient in removing the 
different turbidity levels to ≤0.4 NTU. The evaluated system is classified as highly 
protective because it was able to achieve higher than 4 log removal for E.coli and 
Clostridium perfringens, and higher than 5 log removal for MS2. 
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 INTRODUCTION 
Water-related diseases are a human catastrophe; they result in millions of deaths 
every year, prevent millions more from having healthy lives, and weaken development 
efforts by burdening the society with intrinsic socio-economic costs. This problem is of 
great significance in developing countries, where polluted water, water shortages, and 
unsanitary living conditions prevail. Poverty and ignorance in many developing countries 
are the principal causes for most of the water-related problems there; millions of people 
in the developing world can’t afford the cost of clean drinking water, while others don’t 
fully understand the implications of drinking poor quality water. According to Lindastcyr 
(2012) the ten countries with the most water problems in the world are Afghanistan, 
Ethiopia, Chad, Cambodia, Laos, Ghana, India, Rwanda, Bangladesh, and Haiti. The 
most common water-related diseases in the developing world are diarrhea, typhoid, 
cholera, and hepatitis A (Berman 2005). Polluted drinking water impacts the lives of 
individuals, health, education, and economy of entire communities. 
The World Health Organization (WHO) stated that every year more than 3.4 
million people die as a result of water-borne diseases, making these diseases the leading 
cause of disease and death around the world (Berman 2005). WHO statistics showed that 
in 2005 four out of every ten people in the world, particularly those in Africa and Asia, 
do not have clean water to drink (Berman 2005).  
The Nile River is the main water source for many African countries, particularly 
Egypt and Sudan for which the Nile is essentially the only water source during most of 
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the year. The Nile River water is turbid for most of the year and the turbidity can reach 
very high levels during the Nile flood in July through September (Demitry 2011). 
However, the high turbidity does not always represent a direct health risk, but it can be an 
indicator for the presence of pathogenic microorganisms, and the flood of the Nile 
increases the risk of water related diseases (NASA 2007). Moreover, the Nile receives 
large quantities of industrial, agricultural, and domestic wastewater due to the absence of 
modern sanitation and industrial pollution control systems, which tremendously affects 
its water quality year after year; some chemical and physical characteristics of the Nile 
are shown in Appendix A, Table 19 (Ali et al. 2014). 
In many rural and suburban areas in Sudan and Egypt low income residents have 
no access to a treated drinking water source. Many who live along the Nile River take 
their water directly from the river without any treatment (Appendix A, Figures 10 & 11) 
and often experience waterborne diseases every year. According to Sudan Federal 
Ministry of Health records in 2007, the total cases of diarrhea-type water-borne diseases 
is 40,579 with 559 total deaths, and 4,952 for typhoid with 66 total deaths (Demitry 
2011). 
Inexpensive, household scale, methods for water filtration and disinfection exist 
that can be applied to help in improving the water quality for those who have no access to 
clean water in developing countries (Meierhofer et al. 2002). Many institutions and non-
government organizations around the world have provided funding and helped in 
establishing slow sand filters in developing countries (CDCP 2014). It has been estimated 
that more than 500,000 people in those countries use slow sand filters (Elliott et al. 2008).  
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 Many solar disinfection projects have been developed in Latin America and parts 
of Africa and Asia (Meierhofer et al. 2002).  The household slow sand filter (HSSF) and 
the solar disinfection method (SODIS) are two steps for water treatment that require only 
a few inexpensive materials and little or no expertise; therefore, they could be useful for 
households.   
Most waterborne diseases derive from exposure to human pathogens, including 
bacteria, protozoans, worms and others. The spectrum of these pathogens is wide and it is 
not feasible to derive performance targets for all waterborne pathogens, taking into 
consideration the complexity of the analyses, availability of financial resources, and the 
lack of available data. Reference pathogens (RP) cited in the Guidelines for Drinking-
Water Quality (GDWQ) were chosen to represent classes of pathogens in water (bacteria, 
viruses, protozoa) with respect to their occurrence, concentration and health impact 
(WHO 2011). Each of the chosen three classes is distinct in the physiochemical and 
biological properties of the pathogens, and in terms of resistance to various treatment 
processes.  
The RP selected by the WHO for evaluating the household water treatment 
options for bacteria is Campylobacter jejuni, for viruses is Rotavirus, and for protozoan 
parasites is Cryptosporidium (WHO 2011). They were selected because they are 
relatively well characterized, of high public health importance, and conservative with 
respect to dose-response and infectivity, which enable using them as targets for 
estimating the health risks related to the presence of bacteria, viruses, and protozoa in 
water (WHO 2011). Thus, if the treatment options could control the RP, it is expected 
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that the other pathogens within each class will also be controlled. These three RP are 
pervasive among children in Egypt (Abdel-Messih et al. 2005; EL-Tras et al. 2015; 
Ahmed et al. 2014; Shalaby et al. 2015). 
The research overall goal is to evaluate the effectiveness of a household water 
treatment filtration and solar disinfection system for improving the Nile River water 
quality for household uses.  
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LITERATURE REVIEW 
The Nile River 
              The Nile is the world’s longest river (4,132 miles - 6,650 km); it supports the 
livelihoods of millions across 11 countries in Africa. The Nile originates in Burundi, 
south of the equator, and flows northward through northeastern Africa. Eventually it 
flows through the Sudan and Egypt, and finally to the Mediterranean Sea. Three principal 
tributaries form the Nile. In Ethiopia's highlands, water flows from two of them, the Blue 
Nile and the Atbara Rivers. Headwater streams of the third, the White Nile flow from 
Burundi and Rwanda into Lake Victoria and Lake Albert, forming the main channel near 
the outlet of Lake Albert at the border between Uganda and Democratic Republic of the 
Congo.  
The Nile River basin occupies an area that is about 1/10 of Africa, including parts 
of Tanzania, Burundi, Rwanda, Zaire, Kenya, Uganda, Ethiopia, Sudan, South Sudan, 
Democratic Republic of the Congo, and Egypt (Appendix A, Figure 12). It is estimated to 
drain an area of 1,293,000 square miles (3,349,000 sq. km.). Throughout the year, the 
Nile serves as a constant and major source of water for all the previous mentioned 
countries (Knight et al. 2002) and is critical to their economic wellbeing. 
The Nile receives pollutants from many sources in all countries along it, but the 
industrial wastewater contributes the most pollutants to the river (EL-Sheekh 2009). 
Additionally, municipal wastewater discharges, oil pollution, and agricultural wastes 
contribute heavy metals, pesticide, herbicides, and microbes to the river (EL-Sheekh 
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2009). The contamination levels along the Nile vary with the location, and depend on 
many factors like flow rate, domestic and industrial discharges, population density, 
sanitation systems, and agriculture runoff.  
Slow Sand Filtration  
 Slow sand filtration (a form of biological filtration, not to be confused with 
biofiltration as practiced in conventional full-scale water treatment plants) is an effective 
and inexpensive treatment process that has been used for over 200 years. It was first used 
in Great Britain in 1804 and later in other European countries (Logsdon 2002). The slow 
sand filter is an effective process that can improve the physical, chemical, and 
bacteriological quality of surface waters. Slow sand filters can be constructed with 
different materials, shapes, and sizes. Large slow sand filters are mostly continuous 
processes for municipal water supplies; the household-scale slow sand filters (HSSFs) 
(Hesperian 2008) are small and intermittent and are designed for single households. 
Besides the effectiveness of the HSSF it could also be preferable in the developing world 
for the following reasons:  
 Low construction cost 
 Simple to design, operate, and maintain  
 No chemical requirement 
 Suitable for a variety of different water qualities and temperatures 
 Low wash-water requirements 
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Figure 1 shows the main parts of a HSSF. Different sizes of plastic containers (drums, 
buckets, etc.), and concrete containers can be used to build a HSSF. Filtration takes place 
primarily in the fine and coarse sand layers where the pore sizes are small enough to 
capture the particulate matter near the surface. The two gravel layers are present 
primarily for support of the sand and, to a lesser extent, storage of the particles already 
removed. Flow rates in slow sand filters are suggested to be between 0.1-0.4 m/h 
(
𝑚3
𝑚2ℎ
)(Huisman and Wood 1974), though the rate slows gradually during the filter run as 
the fine sand is clogged. With this filtration rate, a typical household might produce 1-4 
m3 in a day in a 1 m2 filter. The minimum volume for laboratory verification that 
represents the minimum estimated drinking-water consumption for household per day is 
0.02 m3 (20 L) (WHO 2011). 
A new filter takes several weeks (known as the maturation period) to build up a thin 
physical/biological layer called the schmutzdecke1; during this period, the effluent water 
will likely not have the desired quality. The schmutzdecke layer forms naturally on the 
surface of the sand bed and it consists of particulates that have been removed plus 
bacteria, algae, plankton and other active microorganisms.  
The primary working mechanisms in the HSSFs are similar to the large scale slow 
sand filters, but the HSSFs are smaller and generally operated indoors to exclude dust, 
insects, and animal interference. The HSSF process is complex and many different 
physical, chemical, and biological processes take place in the sand filter bed to purify the 
                                                 
1 German for ‘dirt cover’ 
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water as it passes through. These processes include physical straining (like a rapid sand 
filter in conventional water treatment), sedimentation, biological, and biochemical 
reactions.  
Similar to conventional surface water treatment, the first step recommended before 
using the sand filter is to settle the water for at least 12 hours to allow the larger, 
inorganic particulates, such as sand or silt, to be removed. This settled water then passes 
through the filter and, as it does so, particles that are larger than the sand bed pores are 
retained by straining. In addition, there are many pockets between the grains that work as 
tiny sedimentation basins that remove smaller particles (Feachem et al. 1977). The exact 
nature of the dominant processes that take place to purify water from pathogens in a 
mature slow sand filter is not completely clear, but the literature suggests four primary 
mechanisms at work (Huisman and Wood 1974): 
1. Hostile Physical Environment: Conditions found within the slow sand filters are 
generally not suitable for the multiplication of intestinal pathogenic bacteria (i.e., 
they can’t thrive in water with a temperature less than 30 °C because their 
optimum growth temperature range is from 30 °C to 37 °C). 
2. Competition for Food: Food is required for all microorganisms’ metabolism, and 
it is usually not present in a large enough supply to meet their nutritional needs. 
During metabolism, the active voracious microorganisms that are adapted to the 
surface that naturally populate a mature filter consume the organic matter and 
pathogens, as they feed. 
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3. Predation: Many predatory microorganisms such as protozoa exist in large 
numbers in the top layers of a mature bed and feed on other cells, including 
human pathogens. 
4. Excretion of poisons: Despite the lack of quantitative data on this point, it is 
known that some microorganisms produce substances that act as 
biological/chemical poisons that affect all microorganisms, including pathogens 
(Huisman and Wood 1974). 
 
                              
 
Figure 1. A Household-Scale Slow Sand Filter 
It is not well established which of these mechanisms is dominant in HSSFs and 
clearly more research is needed. However, given the usually ad hoc nature of these filters 
in developing countries, it is not critical to know, as the optimization of individual filters 
is not a priority for individuals. 
Fine sand 
Coarse sand 
Fine gravel 
Coarse gravel 
Clean water container 
Water inlet 
Sand filter 
container 
Valve 
Pipe 
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In summary, in the schmutzdecke layer the active microorganisms break down the 
organic matter, and much of the inorganic suspended matter remaining after settling is 
retained. The bio-active zone extends down from the surface, but gradually the activity 
decreases downwards (below the depth of 40 cm of the sand bed - ASCE 1991) as the 
water is purified and contains less food. In the lower layers of the sand filter biochemical 
reactions take place converting the organic matter such as amino acids into ammonia, 
nitrites, and nitrates (nitrification) (Muhammad et al. 1996). By the end of the sand 
filtration process most of the organic matter and microorganisms in the raw water have 
been converted to simple, harmless inorganic salts, water, and CO2 (Brock and Madigan 
1991).  
For the survival of the beneficial microorganisms in the schmutzdecke layer the 
sand must be kept wet. The pores gradually clog and the grains become covered with a 
sticky layer formed of extracellular byproducts of metabolism and natural organic matter 
(NOM) that become attached to the grains. With time, the flow will decrease as the filter 
pores fill with particulates, and the schmutzdecke layer will be clogged; at this point the 
filter must be cleaned. The cleaning could be done either by removing the schmutzdecke 
layer and replacing it with a new sand layer, or by washing the removed sand layer for 
reuse (Feachem et al. 1977). The replaced sand layer and the wash water should be left 
out in the sun to dry or heated up to kill all the possible pathogens before discarding to 
the environment. After cleaning, the filter requires 2 to 3 weeks to mature again, and 
therefore it is always preferred to have at least two filters, so when one is clogged and 
needs to be cleaned/matured, the second one will be in operation.      
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The HSSFs produce effluent nearly free of organic matter and nutrients; it can 
also achieve 3 log10 Removal (LRV) for bacteria, 2 LRV for viruses, and 4 LRV for 
protozoa if properly designed (WHO 2011). As a precaution, it is recommended to add 
chlorine or any other disinfectant (ozone, UV light, chloramine, etc.) to the effluent to 
ensure the inactivation of any passed pathogens. Since the addition of chemical 
disinfectants (chlorine, ozone, etc.) to the effluent of the HSSF is relatively expensive and 
difficult to control, solar UV-radiation is likely the most appropriate for developing 
countries, as described next. 
Solar Disinfection 
Solar ultraviolet water disinfection (SODIS) is a simple process for disinfecting 
drinking water. Filtered water is placed in a transparent polyethylene terephthalate (PET)-
bottle and exposed to the sun for several hours; glass bottles cannot be used because glass 
blocks the ultraviolet (UV)-rays (Meierhofer et al. 2002). During this time, the UV-
radiation, and the high temperatures resulting from infrared radiation and high air 
temperatures, kill and inactivate pathogens. The UV-radiation is also called as the short-
wave radiation, and it is classified to UV-A, UV-B, and UV-C. UV-B and UV-C are very 
harmful, and they can cause serious damages to the skin and eyes, but luckily most of 
them get absorbed by the ozone atmosphere layer that protects the earth (Meierhofer et al. 
2002). The UV-A radiation can reach the earth and it has lethal influence on the water 
pathogens. The infrared radiation absorbed by the water in the bottles is responsible for 
heating, and in hot climates, such as the Sudan, water temperatures can reach 70 °C, at 
which most pathogens, especially bacteria, cannot survive (Ericsson et al. 2002). SODIS 
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could effectively be applied at the household level, especially in hot developing 
countries, because many of those countries are located close to the equator and get very 
high levels of UV and infrared radiation. SODIS is recommended by the WHO (2011) as 
a viable method for household water treatment and safe storage.  
One potential problem with the SODIS method is that the bottles’ materials can 
contain carcinogenic degradation agents such as terephthalate monomers and dimers that 
can leach into the water after exposing the water bottles to sunlight and high temperatures 
for long periods (Lilya 2001). However, this suspicion was removed in other studies 
because it was found that the PET degradation products are primarily formed at the outer 
surface of the bottles not the inner surface where the plastic contacts the water (Wegelin 
et al. 2001). Other compounds, such as the carbonyls and plasticizers, were sometimes 
found in the treated water, but their levels didn’t represent significant risk with respect to 
human exposure (Schmid 2008). Accordingly, the risk of pathogenic illness is relatively 
high compared to the effects of those degradation products in low concentrations. 
UV-radiation with a wave length, , between 320-400 nm and infrared radiation ( > 700 
nm) inactivate the harmful microorganisms (bacteria, parasites, viruses) in the water 
filled in the PET bottle, with long enough sunlight exposure (Meierhofer et al. 2002). 
Most of the bacteria, viruses, and parasites require a minimum of 6 hours sunlight 
exposure periods for inactivation; cryptosporidium (a parasitic protozoan) requires at 
least 10 hours exposure (Jorgustin 2012). Thus, determining the minimum number of 
hours in which the water bottles will be exposed to a direct sunlight is very important for 
successful disinfection.  
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There are some important points that must be taken into consideration when using the 
PET bottles for SODIS (Meierhofer et al. 2002): 
 The PET bottles must be transparent not colored; 
 The bottles should be clean and not scratched (reuse empty/clean PET soda and 
juice bottles); 
 The bottles should be laid in the sun horizontally rather than vertically to have 
greater exposed area and to maximize the UV-radiation penetration; the bottles 
should be placed on the south side of the building in the Northern Hemisphere and 
on the north side in the Southern Hemisphere to take advantage of reflected 
radiation and retained heat in the building materials; 
 It is preferred but not necessary to lay the bottle on a reflective surface to increase 
the temperature and UV-rays exposure, using both direct and reflected sunlight, 
which can help speed up the disinfection process;  
 SODIS requires relatively clear raw water with a turbidity less than 30 NTU 
because suspended particles in the water reduce the penetration of solar radiation 
into water and protect microorganisms from the radiation (Sommer et al. 1997) 
 SODIS is reported to be more efficient in waters containing high levels of 
dissolved oxygen (DO) because the UV light can react with the DO in water and 
produce very reactive forms of oxygen (ozone, oxygen free radicals and hydrogen 
peroxides) which react indiscriminately with the cell structure and kill the 
pathogens . So, it may be preferred to shake a ¾ filled bottle for about 20 seconds 
to oxygenate the water before filling it completely (Reed 1997) 
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 The bottles used for SODIS shouldn’t exceed the width of 10 cm because at 
moderate turbidity and water depth of 10 cm the UV incidence can be reduced by 
50%. One and two L bottles were recommended (Meierhofer et al. 2002) 
 After exposure to solar radiation the containers should not be moved or shaken 
(agitated) until the end of the exposure time. Kehoe et al. (2001) found that non-
agitated samples tend to conserve their DO levels during exposure better than the 
agitated bottles because exposure to sunlight will increase the water temperature, 
and with agitation the DO levels will be reduced in water (gases are more soluble 
in cold temperatures than in hot temperatures). The agitation during solar 
exposure reduces the efficiency of the process (Kehoe et al. 2001) 
 If the cloudiness of the sky is more than 50% during exposure, the bottles’ 
exposure time should be increased as twice as long to the minimum requirement 
to produce safe drinking water 
 If the water temperature is ≥ 50 °C only one-hour exposure may be sufficient for 
disinfection (Meierhofer et al. 2002) 
Objectives 
Slow sand filtration and SODIS are effective and feasible but not well understood in 
the context of the Nile River due to the lack of data, and on the household scale 
(specifically for the five-gallon bucket design). The main objective of this research is to 
evaluate the efficiency of a HSSF plus SODIS system for improving the Nile River water 
quality for household uses; the evaluation will depend on: 
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 The capability of HSSF to reduce the high turbidity levels typical of the Nile 
River during the rainy season of 5,000 to 20,000 NTU to meet WHO guidelines 
for turbidity of ≤ 2 NTU 
 The capability of the two steps treatment option (HSSF followed by SODIS) to 
produce water that meets the WHO microbiological standards’ 
  
16 
 
 
 
HYPOTHESES AND EXPERIMENTAL DESIGN    
A set of experiments was designed to address the objectives outlined above. There 
are two types of objectives. One is to address the efficiency of the filtration and SODIS 
steps in removal of particulate matter and microorganisms. The second is to address the 
overall suitability of the combined settling, filtration, and solar disinfection processes to 
produce water suitable for human consumption. 
Hypotheses    
1- The settling and filtration processes will reduce the water turbidity to ≤ 2 NTU 
(the drinking water criterion for turbidity is 2 NTU).  
2- The SODIS will highly (≥ 99%) inactivate the remaining microbial surrogates. 
3- Through settling, filtration, and SODIS, at least 4 log removal (LRV) will be 
achieved for the candidate microbial surrogates. 
Experimental design  
To meet the research objectives outlined above, experimental assessment of the 
efficacy of the HSSF/SODIS system and how important factors influence performance 
were investigated. The influence of these factors was investigated using a full factorial 
experimental design at two levels. In the literature review, four factors were found to 
strongly influence inactivation of microorganisms (Table 1) and these variables were 
tested during the experiment to determine their influence on the removal of turbidity and 
on the removal and inactivation of the surrogate microorganisms. For a full factorial 
design at two levels, 24, = 16 different experimental conditions are used. The factors and 
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their levels are displayed in Table 1; the numbers of bottles/runs (16 in all) and the 
conditions of each run are displayed in Table 2.  Duplicates were analyzed for each 
dilution, and membrane filtered volume from each bottle, to quantify and minimize the 
potential experimental errors.  
 
Table 1. Experimental Design Variables 
 
Factor 
 
Level (s) - Low Level(s) - High 
Turbidity 
before settling 
(NTU) 
< 200 1000 < NTU < 4000 
Exposure to 
sunlight (hours) 
6 10 
PET bottle 
volume (L) 
1 2 
Dissolved 
Oxygen 
Without aerating the 
bottles before exposure 
With aerating the 
bottles before exposure 
 
The selected ranges for turbidity (Appendix A, Figure 13) were obtained from 
previous reports (De Villiers and Seath 2007; Demitry 2011) and are typically seen in the 
Nile River during base flow (low turbidity) and runoff flow during the rainy season (high 
turbidity). The turbidity of the Nile can reach 20,000 NTU during the rainy season (July – 
Sep.), but it was found that ~ 95% of the turbidity was removed within 160 min of 
settling (De Villiers and Seath 2007). The other three factors were identified during the 
literature review, primarily in” Solar water disinfection: a guide for the application of 
SODIS” (Meierhofer et al. 2002). The response variables were the removal of turbidity 
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and the log10 removal of the reference pathogens as calculated by LRV= log (Cin/Cout), 
where LRV= log removal, Cin=initial concentration and Cout = the final concentration 
after treatment.  
 
Table 2. Experimental Runs 
Run/Bottle 
No. 
Turbidity Level, 
NTU 
Dissolved 
Oxygen 
Bottle 
Volume 
(L) 
Exposure 
Time (h) 
1 <200  unshaken  1 6 
2 1000-4000  unshaken  1 6 
3 <200  shaken  1 6 
4 1000-4000  shaken  1 6 
5 <200  unshaken  2 6 
6 1000-4000  unshaken  2 6 
7 <200  shaken  2 6 
8 1000-4000  shaken  2 6 
9 <200  unshaken  1 10 
10 1000-4000  unshaken  1 10 
11 <200  shaken  1 10 
12 1000-4000  shaken  1 10 
13 <200  unshaken  2 10 
14 1000-4000  unshaken  2 10 
15 <200  shaken  2 10 
16 1000-4000 NTU shaken  2 10 
 
Surrogates for the Reference Pathogens  
Surrogates (Table 3 (WHO 2011)) can be used as alternative indicator microbes in 
the laboratory verification for household water treatment (HWT) techniques. In Table 3 
(the Comments/special considerations column) the reasons of listing the suggested 
surrogates instead of the reference pathogens are described. Moreover, the laboratories to 
test the water for the reference pathogens must be certified as Biosafety Level III, while 
19 
 
 
 
for most of the suggested surrogates Biosafety Level I and II only are required, allowing 
research costs to be reduced and safety to be improved. These considerations led us to 
choose the use of surrogates rather than the reference pathogens themselves. 
 
Table 3. Key test pathogens and alternative indicator microbes for use in the 
laboratory verification of HWT technology (adapted from WHO 2011) 
Target pathogen 
Recommended 
alternatives 
Comments/special considerations 
Campylobacter 
jejuni 
E. coli spp., 
Enterococcus spp. 
(e.g. E. faecalis and 
E. faecium), 
Salmonella spp., V. 
cholerae 
Salmonella spp. and C. jejuni are 
common enteric pathogens. E. coli 
resembles them (Gram-negative, 
rodshaped) and has non-pathogenic 
strains. Enterococcus spp., especially E. 
faecium and E. faecalis are prevalent 
and persistent in faecally contaminated 
water and used as faecal indicators of 
recreational water quality. 
Rotavirus 
Echovirus 12, MS2, 
φX- 174, other 
bacteriophages 
Rotavirus is highly infectious and causes 
high disease burdens in children; 
echovirus 12, a human picornavirus, 
resembles other enteroviruses, has low 
pathogenicity and is superficially similar 
to hepatitis A and E viruses, noroviruses 
and astroviruses. MS2 and φX-174 are 
coliphages superficially resembling 
human enteric viruses, and they respond 
similarly to them in many water 
treatment processes. 
Cryptosporidium 
or Giardia 
Clostridium 
perfringens spores, 
other spore-forming 
bacteria (e.g. 
naturally occurring 
aerobic spores in 
natural waters or 
added as Bacillus 
spp. spores), inert 
particles, 
Entamoeba 
histolytica or 
Entamoeba spp. 
Cryptosporidium and Giardia are 
protozoa causing major disease burdens. 
As there are no established non-
pathogenic protozoa resembling them, C. 
perfringens (or sulfite-reducing 
clostridia) spores, Bacillus spp. spores 
or naturally occurring aerobic spores in 
natural waters are suggested as 
surrogates or indicators. E. histolytica 
or other human Entamoeba species (e.g. 
E. dispar or Entamoeba coli) are 
acceptable for use in challenge tests as 
well.  
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MATERIALS & METHODS 
Household Slow Sand Preparation   
The filter (HSSF) was constructed of two 18.9 L (5 gallon) food storage buckets, 
PVC pipe, fittings, and valve (1.27 cm ball valve); all the components were purchased 
locally from Home Depot (North Logan, Utah) and would be commonly available in 
most developing countries where this technology would be most useful. As shown in 
Figure 2, one bucket is placed on the top of the other. The upper bucket works as water 
storage to feed the filter, and the lower bucket is the actual filter. A single 0.16 cm hole at 
the bottom of the water storage bucket allowed the water to slowly drip from the storage 
container to the lid of the filter bucket. Eight holes (0.64 cm each) were drilled in the lid 
of the filter bucket around the perimeter to allow the water to disperse without excessive 
physical impact that might disturb the bio-zone underneath it.  The sand and the gravel 
(coarse and fine) were obtained from the Soil Mechanics Lab-Utah State University; the 
effective diameter (d10) of the sand was 0.125 mm (pores size ~0.04 mm - Ley et al. 
1994) and the depth of each layer is as shown in Figure 2. Two identical filters were 
constructed and operated in parallel. 
Filter Maturation 
Before testing began each filter was allowed to mature by passing 20 L water 
samples from the Logan River at First Dam, a small hydropower impoundment just 
upstream from the Utah Water Research Laboratory. The filters required from 2-3 weeks 
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to mature (Palmateer 1999). Some water quality and other parameters of the river are 
displayed in Appendix A, Table 20 (iUtah 2015).  
                                                                                                                                         
Figure 2. Household–Scale Slow Sand Filter Design 
Comparing the displayed characteristics of the Nile River and Logan River (Appendix A, 
Tables 19, 20), it can be observed that the values of the pH for the two rivers are similar, 
while the values of the turbidity, temperature, conductivity, and DO are different.     
The water was amended with sediment (sand/dirt), and clay from the Soil 
Mechanic Laboratory at Utah State University; the amendment was done at different 
levels, and water was allowed to settle for 48 h. The 48-h settling time was used only for 
the maturation period to minimize as much as possible the amount of the suspended 
The filtered water 
container supplied by 
user 
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particles that will be retained in the filter before maturation. The accumulation of the 
retained suspended particles on the top layers reduces the filters’ flow rates, and leads the 
filters to be clogged faster. During the maturation period, the removal of the turbidity 
across each filter was monitored and recorded. The data were recorded for 24 days (daily 
triplicate samples for each filter) to test the first hypothesis. At least 20 L/day was used 
for laboratory verification, and it represents the minimum estimated drinking-water 
volume for a household per day (WHO 2011). The flow rate of the filters was measured 
to be 0.05-0.07 m/h (
𝑚3
𝑚2ℎ
). 
After maturation, source water was taken from the Logan River and spiked with 
Escherichia coli, MS2, and Clostridium perfringens; the experiment was carried out for 
each surrogate separately and on different dates. The bacteria and virus seed cultures 
were purchased from American Type Culture Collection (ATCC) (Manassas, Virginia); 
the details of the strains are listed in Appendix B. 
The samples’ turbidity was adjusted at high and low levels to study the turbidity 
impact in the surrogates’ removal; the samples were allowed to settle for 12 hours. By the 
settling time of 12 hours, the larger particles were settled and the supernatant turbidity 
consisted of the fine particles and other impurities that are slow to settle and are better 
measures of true, more stable, turbidity likely to be encountered in a natural system. 
Turbidity and surrogates’ concentration in the settled samples were measured to 
determine the reduction in both filters only through settling. DO, temperature and pH 
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were also measured to demonstrate the water quality of the samples before filtration. 
Equipment used to measure turbidity, DO, temperature, and pH are: 
 Hach 2100 N Turbidimeter (Hach, Inc., Loveland, Colorado) for 
measuring turbidity using standards of <0.1, 20, 200, 1000 and 4000 NTU 
 Thermo Scientific-Orion 5 Stars (Fisher Scientific, Inc., Fort Collin, 
Colorado) for measuring DO and temperature  
 Fisher Scientific XL25 Dual Channel pH/Ion meter (Fisher Scientific, 
Inc., Pittsburgh, Pennsylvania) for measuring pH 
Details of the surrogates used, microbial propagation steps, equipment, and media for 
culturing and enumeration are listed in Appendix B. 
Initial Concentration 
For the culture spike:  
 Direct microscopic and/or enumeration techniques were applied for small 
volumes of the prepared culture before spiking, to determine the initial concentrations of 
the spikes (detailed or referenced in Appendix B). 
Triplicate 100 mL aliquots were taken from each of the two spiked samples to measure 
the concentrations just after spiking/mixing the feed water, and again after 12 hours 
settling (before filtration) as colony forming units (CFU) per unit volume of water 
(CFU/mL) for the surrogate bacteria, and as plaque forming unit (PFU) per unit volume 
of water (PFU/mL) for the bacteriophage. Negative and positive controls were analyzed 
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for quality assurance; the Membrane Filter Method (Maier et al. 2009) was used for 
analysis. 
 The number of coliform as (CFU/mL) was determined using the following steps: 
- Triplicate 100 mL aliquots of each water sample were taken 
- The samples were diluted using buffered dilution water (APHA 1995) to get the 
acceptable counting range of colonies (30-300 or 20-80 colonies depending on 
method followed) 
- The prepared dilutions were filtered through membrane filters (Thermo Fisher, EMD 
Millipore microbiological analysis membrane filters, pore size 0.45µm, catalog 
number: HAWG047S6) to trap the bacteria on their surfaces (the volume of the 
filtered water varied after each treatment step according to the expected removal)  
- For the E.coli analysis, the samples were analyzed following section 11 in Method 
1603 (“E.coli in water by membrane filtration using mTEC Agar”, EPA 2009).  The 
selective media mTEC was purchased from Fisher Scientific (Catalog No: B14884). 
All the used reagents and media were prepared according to section 7, Method 1603 
(EPA 2009). The plates used for the sample analysis were 9 x 50 mm, tight lid (Fisher 
Scientific, Inc., Catalog No: 08-757-105) 
- For Clostridium perfringens, the samples were analyzed following the same 
membrane filter method that used for the enumeration of the spike suspension 
(Appendix B, B-2-1) and the used selective media was CP Chromo Select agar (CCP) 
- The membrane filters were placed on selective media to easily distinguish between 
the bacteria colonies that grow on the filter surface  
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- The petri dishes of the membrane filters with the medium were incubated under the 
specified conditions and temperatures for each surrogate  
- The colonies were counted and the concentrations were determined using Equation 1 
              CFU/mL=
𝐶𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
𝑎𝑐𝑡𝑢𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑝𝑙𝑎𝑡𝑒𝑑,𝑚𝐿
  (Equation 1) 
- The concentrations were recorded for all the analyzed samples for each surrogate 
 
 The number of plaque forming units (PFU/mL) was determined through following the 
instructions of the EPA Method 1601: “Male-specific (F+) and Somatic Coli phage in 
water by two-step enrichment procedure”, section 12, flow chart 4 (EPA 2001). 
The plaques were counted using the Most Probable Number (MPN) technique as 
recommended in Method 1601 (EPA 2001) and the concentrations were recorded 
Filtration 
The supernatant of the spiked samples after settling was poured into the upper 
bucket (Figure 2) and allowed to pass through the filter bucket. Two identical HSSFs 
were operated in parallel as recommended in the WHO manual of Evaluating Household 
Water Treatment Options (WHO 2011) to provide replication. After filtration, the 
concentrations of the different surrogates and turbidity were measured in triplicate to 
determine the efficiency of the HSSF used. The LRV was calculated after each treatment 
step. 
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Solar Disinfection 
The DO of the filtered water (FW) was measured and recorded at the beginning of 
the SODIS treatment step. For E.coli and Clostridium perfringens the filtered water was 
spiked again with the surrogates before SODIS in order to be able to get the counting 
range of 20-80 CFU/plate for the analysis after SODIS; the concentration of the 
surrogates before SODIS were measured in triplicate. The FW was filled in washed soda 
PET bottles from the same brand (Pepsi), and that had the same shape; 8 bottles (four 2L 
bottles and four 1L bottles) were filled from each filtered sample and placed on the roof 
of the UWRL with a southern exposure to maximize sunlight (Appendix A, Figure 14). 
Different volumes were filtered from each water bottle after SODIS to bracket the range 
of counting for each surrogate, depending on the size of the plates used and the expected 
removal from the literature review.  
The short and the long wave radiation (W/m2), and the air temperature (°C) data 
during exposure were obtained from the environmental observatory at Utah State 
University through their website (http://weather.usu.edu/); these data are important 
because they can be can be used to explain differences in removals under varying 
environmental conditions. An additional 4 bottles (two from each filter) were used for 
monitoring the temperature of the water during exposure. 
After exposure for the prescribed time (Table 2), the concentrations of the 
surrogates in each bottle were measured, and the LRVs were calculated. Positive and 
negative controls were incubated and analyzed for precision and bias assessment; percent 
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recovery (
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 
 𝐴𝑐𝑡𝑢𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
∗ 100) was calculated. Also, some blanks were 
incubated and analyzed to determine any contamination if found.  
Data Management Procedure 
Data were recorded in laboratory notebooks and transferred to spreadsheets for 
storage and analysis. Replicate samples were analyzed to measure the different 
parameters monitored and LRVs to minimize as much as possible the effect of the 
experimental errors. 
The R programing language (RPL) (R Core Team 2015) was used for all the 
statistical analysis. The average and the standard deviation of the effluent turbidity (after 
filtration) were calculated to test the first hypothesis using the data of 24 days. Student’s t 
test was applied to compare between the averages of the effluent turbidity of the two 
filters, using the same previous set of data (24 days). Also, analysis of variance 
(ANOVA) was applied to test the impact of the spiked turbidity levels on the filters’ 
performance. 
Experimental full factorial design was used to investigate the main effects of four 
factors (dissolved oxygen, exposure period, bottle volumes, turbidity) and their 
interactions in two levels (24  = 16 runs) on turbidity and surrogate pathogen removal. The 
function ffDesMatrix in RPL was used to create the required structure of the design 
matrix for estimating the values of the main effects and interactions via analysis of 
variance and/or linear regression (BHH2 package - Barrios 2015). The R procedure 
anova () was also used as a check to validate the significant factors and interactions that 
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were found. The LRVs were calculated after each treatment step to test the second and 
the third hypothesis. The calculation of the LRV after each treatment step (settling, 
filtration, disinfection) helped to know through which step the greatest removal was 
achieved for the different tested surrogates. Measuring the initial and the final surrogates’ 
concentrations through the entire system will not illustrate which step had the best impact 
on removals.  
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RESULTS & DISCUSSION  
  The data and the statistical analysis for the first series of experiments over a 24-
day period are displayed in Appendix C. The averages and the standard deviations of the 
effluent turbidity (after filtration) were calculated to test the first hypothesis (Appendix 
C, Table 21) using the Student’s t test. The average of the effluent turbidity for Filter One 
was 0.235 ± 0.06 NTU, and 0.240 ± 0.08 NTU for Filter Two. The Student’s t test to 
compare between the averages of the effluent turbidity showed that the two filters 
produced consistent results and there is no compelling evidence that the two replicated 
filters have different turbidity removal capabilities. Based on this result it was assumed 
that the filters’ capabilities would also be similar in terms of removing the surrogates.   
The ANOVA results showed that the spiked influent turbidity level had no impact 
on the filters’ performance for turbidity reduction at the 95% confidence level. The 
analysis was validated by examining the residuals (Appendix C, Figure 16) and the tests’ 
results and R code are displayed in Appendix C.  
The negative and the positive controls for the three surrogates were all as 
expected (Figure 3), which indicates no contamination was detected during the 
experiment. The positive control of MS2 showed hollows rings around the spotted spike 
solution (five spots), which indicates the presence of the bacteriophage (MS2) that was 
able to infect and clean the bacterial lawn around them, while the negative control didn’t.  
The positive control for Clostridium perfringens formed a green bacterial lawn, and for 
E.coli it formed a purple bacterial lawn. 
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Figure 3. Negative and positive controls for bacteriophage MS2, Clostridium 
perfringens and E.coli . 
 
E.coli 
The concentration of the prepared E. coli spike solution that was used for settling 
and filtration was measured in triplicate according to section 14 in Method 1603 (EPA 
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2009) and found to be 1 x 108 ± 0.7 x 108 CFU/mL (C1) (the ± values represent the 
uncertainty of the measurement in form of a standard deviation (STDEV). The spike 
solution was stored in the refrigerator for 2 days before spiking the water samples. Each 
30 L (V2) sample was spiked with 200 mL (V1) of the spike solution to reach the target 
concentration (C2) of 66 x 10
4 ± 0.7 x 10 8 CFU/mL (C1V1=C2V2). The target 
concentrations of the spiked water, the dilutions, and the different analyzed volumes were 
always based on the baseline and maximum LRVs specified in the WHO manual (WHO 
2011) for each treatment step. These samples were analyzed before/after settling, after 
filtration, and after SODIS. 
In addition to the E. coli, one of the 30 L samples was spiked with sediment and 
clay to increase the turbidity to >1000 NTU (as mentioned in the experimental design) to 
study the impact of the high turbidity in the surrogates’ removal. The turbidity, DO, pH, 
and temperature of the water were measured before/after settling and after filtration, for 
each 30 L, to know their initial concentration and how they change during the treatment 
steps. The results are tabulated in Table 4. 
Table 4. The measured parameters of the water used for E.coli analysis (H=high, 
L=low, T=turbidity). Each value is calculated from triplicate measurements 
 
DO average ± 
STDEV (mg/L) 
pH average 
± STDEV 
Temp 
average ± 
STDEV (°C) 
Turbidity 
average ± 
STDEV (NTU) 
Before settling (HT) 7.2 ± 0.06 8.5 ± 0.06 14 ± 0 1117 ± 4.3 
Before settling (LT) 7.2 ± 0.2 8.4 ± 0.2 14 ± 0 1.1 ± 0.3 
After settling (HT) 7.5 ± 0.2 8.5 ± 0.1 19 ± 0 131.7 ± 2.5 
After settling (LT) 7.8 ± 0.1 8.5 ± 0.06 19 ± 0 0.8 ± 0.06 
After filtration (HT) 7.3 ± 0.06 8.5 ± 0.1 19 ± 0 0.26 ± 0.02 
After filtration (LT) 7.2± 0.06 8.4 ± 0.2 19 ± 0 0.27 ± 0.04 
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The samples of before/after settling were diluted to 10-4, and the different 
volumes of the diluted samples were filtered to get a suitable range for counting the E. 
coli colonies (20-80 CFU/plate). The membrane filtered volumes and the concentrations 
of the triplicate samples before/after settling and after filtration are detailed in Appendix 
D, Tables 23, 24, 25 and summarized in Table 5 (TFTC= too few to count, TMTC=too 
many to count).  
 
Table 5. The concentration of E.coli before/after settling and after filtration. Each 
average is calculated from triplicate measurements 
 
Average 
concentration 
(CFU/mL) 
Standard 
deviation 
(CFU/mL) 
Log removal 
Before settling (HT) 
After settling (HT) 
2.87 x 104 
0.83 x 104 
0.31 x 104 
0.55 x 104 
After settling (HT) 
0.54 
Before settling (LT) 
After settling (LT) 
3.03 x 104 
1.45 x 104 
0.12 x 104 
0.16 x 104 
After settling (LT) 
0.32 
After filtration (HT) 53 11.8 
After filtration 
(HT) 
2.20 
After filtration (LT) 148 9.2 
After filtration (LT) 
1.99 
 
The results displayed in Table 5 showed that the LRV by settling is 0.54 for the HT 
sample and 0.32 for the LT sample. Since the HT sample showed better removal by 
settling, that means the suspended turbidity particles were able to sweep more E.coli from 
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the water by settling. The results of after filtration showed that the LRV was 2.20 for the 
HT sample and 1.99 for the LT sample.  
According to Method 1603 (EPA 2009), the spike suspension should contain a 
maximum of approximately 107- 108 CFU/mL. As a result, because of the removal by the 
settling/filtration process, the water was spiked again with E.coli again filtration to have a 
high enough concentration in the water to determine the effectiveness of solar 
disinfection (SODIS) treatment. For solar disinfection, 30 L of filtered water was spiked 
by 362 mL of another prepared culture stock that had the initial average concentration of 
5.8 x 107 ± 0.56 x 107 CFU/mL. Triplicate samples taken to determine the concentration 
before SODIS found 4.45 x 105 ± 0.45 x 105 CFU/mL. The temperature was monitored 
during SODIS to record how the water temperature changes during exposure; the results 
are displayed in Appendix D, Table 22 and visualized by Figure 4. The highest 
temperature recorded in the bottles during the two exposure periods (40 °C), occurred 6-9 
hours after beginning exposure to the sun. 
After SODIS, the concentration of E.coli was determined in each bottle; the 
results and the membrane filtered volumes are detailed in Appendix D, Table 26 with the 
averages given in Table 6. The bottles/runs numbers from 1-8 represent the 6 hours 
exposure period and from 9-16 represent the 10 hours exposure period as indicated before 
in the experimental design (Table 2). From the results displayed in Table 6 it can be 
observed that SODIS was very efficient, and the 10 hours exposure period was better 
than 6 hours.  
34 
 
 
 
 
Figure 4. The change in temperature in the 1L and 2L bottles during the 10 and 6 
hours of SODIS for E.coli (red =2L, blue=1L) 
 
Table 6. E.coli average concentration after SODIS 
Run/ 
Bottle No. 
Average 
CFU/mL 
STDEV 
CFU/mL 
Run/ 
Bottle No. 
Average 
CFU/mL 
STDEV 
CFU/mL 
1 13.8 1.13  9 1.1 0.12 
 2 15.6 0.57  10 1.3 0.02 
 3 7.0 0.57  11 0.4 0.05 
 4 11.2 0.28  12 0.7 0.07 
 5 56.0 0.85  13 2.3 0.14 
 6 23.0 0.57  14 4.5 0.14 
 7 14.8 1.13  15 0.75 0.09 
 8 10.8 0.85  16 0.93 0.07 
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The change in the air temperature during exposure is represented by Figure 17 in 
Appendix D; the maximum air temperature was ~27 °C (campus’ readings). The peak of 
the shortwave solar radiation was recorded as ~900 W/m2 (Appendix D, Figure 18) and 
the net radiation is visualized in Figure 19 (Appendix D). 
The total LRVs for E.coli through settling, filtration, and SODIS are tabulated in Table 7. 
The maximum calculated LRV for E.coli through the system is 8.54, and the minimum is 
6.21.  
Table 7. The total log removal results via settling, filtration, and SODIS for E.coli 
Run/bottle 
No. 
Initial 
Turbidity 
(NTU) 
Dissolved 
Oxygen 
Bottle 
Volume 
(L) 
Exposure 
Time (h) 
Total 
Log 
Removal 
1 1.1 unshaken  1 6 6.82 
2 1117 unshaken  1 6 7.20 
3 1.1 shaken  1 6 7.11 
4 1117 shaken  1 6 7.34 
5 1.1 unshaken  2 6 6.21 
6 1117 unshaken  2 6 7.03 
7 1.1 shaken  2 6 6.79 
8 1117 shaken  2 6 7.35 
9 1.1 unshaken  1 10 7.92 
10 1117 unshaken  1 10 8.27 
11 1.1 shaken  1 10 8.36 
12 1117 shaken  1 10 8.54 
13 1.1 unshaken  2 10 7.60 
14 1117 unshaken  2 10 7.74 
15 1.1 shaken  2 10 8.08 
16 1117 shaken  2 10 8.42 
 
The results of the analysis for the factorial experimental design using the RPL to estimate 
the values of the main effects and interactions in two levels are detailed in Appendix D 
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(D-1-1). Figure 5 shows a probability plot for the main factors and interactions. After 
removing the non-significant factors, ANOVA was used to check significance of the 
main effects and interactions of the factors (Appendix D). The p-value shouldn’t be used 
mechanically to decide which effects are significant (Box et al. 2005); using both the 
probability plots and ANOVA check is more reliable. The analysis showed that only the 
main effects (exposure time (ET), bottle’s volume (BV), turbidity (T), dissolved oxygen 
(DO)) were significant for E.coli removal at the 95% confidence level. The recovery 
percentage calculated following EPA Method 1603, section 14.2.4, was 80.5 %; the 
acceptable recovery range is 38 % - 127 % (EPA 2009). 
 
Figure 5. Probability plot for the main effects of the four factors and their 
interactions for the E.coli analysis (significant effects (95% confidence) are marked 
with arrows) 
ET 
DO 
T 
BV 
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MS2 
The initial concentration of the prepared spike solution for MS2 was 8.8 x 1010 ± 
0.99 x 1010 PFU/mL. The concentration of the virus stock was high enough as it was, 
unlike for E. coli, so it was necessary to spike the feed water only before filtration at the 
beginning of the experiment. Each 30 L of Logan river water was spiked with 25 µL of 
the prepared spike solution. The Most Probable Number (MPN) procedure was used in 
the analysis as recommended in Method 1601 (EPA 2001).  
The general water quality parameters for the experimental water used for MS2 
analysis are found in Table 8. The MPN method was for 5, 5, 5 combination with the 
sample volumes of 0.1, 1, and 10 mL (5 replicates for each volume, or 5, 5, 5). The two-
step enrichment procedure was followed (EPA 2001), and each gridded spot plate was 
inoculated with 15 spots. The results of the MPN were carried out using the EPA-MPN 
Calculator Program (EPA 2013). The results of the MPN before and after settling are 
tabulated in Tables 9 and 10. 
The results displayed in Tables 9 and 10 showed that the LRV by settling is zero 
for the HT sample, and 0.23 for the LT sample. The spike recovery percentage was 
calculated twice for each 30 L sample and found to be 73.97% for the HT sample, and 
125% for the LT sample, within the acceptable range. The after-filtration results 
displayed in Table 11 showed that the LRV by filtration is 0.19 for the HT sample and 
0.62 for the LT sample. Since the virus size was 24-25 nm (WHO 2011), it was expected 
that MS2 removal in the filter would be low, because the pore size is much larger than 
that. This is borne out in the results, where the LRV for MS2 by was small. In the LT 
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sample, the removal was slightly higher than the HT sample, suggesting that the removal 
mechanism may be sedimentation rather than straining since the water viscosity is lower 
at higher temperatures and the virus’ settling rate would be somewhat faster.    
 
Table 8.The measured parameters of the water used for MS2 analysis (H=high, 
L=low, T=turbidity). Each value is calculated from triplicate measurements (± 
STDEV) 
 
DO 
average 
(mg/L) 
pH average 
Temp 
average 
(°C) 
Turbidity 
average (NTU) 
Before settling (HT) 7.8 ± 0.06 8.4 ± 0.1 18 ± 0  1050 ± 27 
Before settling (LT) 7.8 ± 0.06 8.5 ± 0.1 18 ± 0 0.60 ± 0.06 
After settling (HT) 7.9 ± 0.06 8.4 ± 0.1 19 ± 0 122 ± 6 
After settling (LT) 8.0 ± 0.2 8.4 ± 0.1 19 ± 0 0.50 ± 0.06 
After filtration (HT) 7.1 ± 0.3 8.5 ± 0.1 19 ± 0 0.22 ± 0.02 
After filtration (LT) 7.2 ± 0.2 8.4 ± 0.1 19 ± 0 0.23 ± 0.05 
 
 
Table 9. MPN before settling results using 5, 5, 5 combination (LCL=lower 
confidence limit, UCL= upper confidence limit) 
 Number positive 
MPN 
(PFU/mL) 
LCL 
(PFU/mL) 
UCL 
(PFU/mL) 
Sample 
volume (mL) 10 1 0.1 
Before 
settling (HT) 5  5  2  5.422 x 104 1.149 x 104 16.65 x 104 
Before 
Settling (LT) 5  5  3  9.178 x 104 1.802 x 104 25.712 x 104 
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Table 10. MPN after settling results using 5, 5, 5 combination (LCL=lower 
confidence limit, UCL= upper confidence limit) 
 Number positive 
for volume (mL) 
MPN 
(PFU/mL) 
LCL 
(PFU/mL) 
UCL 
(PFU/mL) 
Sample volume (mL) 10 1 0.1 
After settling (HT) 5 5 2 5.422 x 104 1.149 x 104 16.65 x 104 
After Settling (LT) 5 5 2 5.422 x 104 1.149 x 104 16.65 x 104 
 
 
Table 11. MPN for MS2 after filtration results using 5, 5, 5 combination 
(LCL=lower confidence limit, UCL= upper confidence limit) 
 Number positive 
for volume (mL) 
MPN 
(PFU/mL) 
LCL 
(PFU/mL) 
UCL 
(PFU/mL) 
Sample volume (mL) 10 1 0.1 
After filtration (HT) 5 5 1 3.477 x 104 0.777 x 104 10.724 x 104 
After filtration (LT) 5 4 0 1.299 x 104 0.272 x 104 3.597 x 104 
   
For the solar disinfection analysis, an additional volume of 100 mL was also 
analyzed in 5 replicates from each bottle, because based on the literature review the 
maximum LRV that can be achieved by SODIS for the viruses is > 4 (WHO 2011). The 
100 mL additional replicates were analyzed to reduce the possibility of having all 
negative incase of 4 or higher LRV. The results after SODIS are displayed in Table 12, 
where we see that the removal of the virus after 10 hours of exposure (bottles No. 9-16) is 
much better than after 6 hours (bottles No. 1-8). 
The temperature was monitored during SODIS; the results are displayed in 
Appendix D, Table 27, and visualized in Figure 6. The highest temperatures recorded in 
the bottles during the 10 hours and the 6 hours exposure periods were 42.3 °C and 42.2 
°C respectively. 
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Table 12. MPN for MS2 after SODIS results using 5, 5, 5 combination (LCL=lower 
confidence limit, UCL= upper confidence limit) 
 
Number Positive for 
Sample Volume (mL) 
MPN 
(PFU/mL) 
LCL 
(PFU/mL) 
UCL 
(PFU/mL) Bottle 
Number 
100 10 1 0.1 
1 5 5 5 3 9.178 1.802 25.712 
2 5 5 5 3 9.178 1.802 25.712 
3 5 5 5 3 9.178 1.802 25.712 
4 5 5 5 3 9.178 1.802 25.712 
5 5 5 5 4 16.000 6.000 53.000 
6 5 5 5 4 16.000 6.000 53.000 
7 5 5 5 3 9.178 1.802 25.712 
8 5 5 5 3 9.178 1.802 25.712 
9 5 4 3 4 0.521 0.503 0.543 
10 5 5 4 1 1.724 0.424 4.284 
11 5 5 4 0 1.299 0.272 3.597 
12 2 2 3 0 0.0168 0.0167 0.0189 
13 5 5 5 1 3.477 0.777 10.724 
14 3 2 1 0 0.017 0.0167 0.017 
15 5 5 5 0 2.398 0.493 6.94 
16 3 1 0 0 0.011 0.003 0.03 
 
 
The change in the air temperature during exposure is represented by Figure 20 
(Appendix D); the maximum air temperature was ~28 °C (campus’ readings). The peak 
of the shortwave solar radiation was recorded as ~800 W/m2 (Appendix D, Figure 21) 
and the net radiation is visualized in Figure 22 (Appendix D). 
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Figure 6. The change in temperature in the 1L and 2L bottle during the 10 and 6 
hours of SODIS for MS2 (red =2L, blue=1L) 
 
The total LRVs for MS2 through settling, filtration, and SODIS are tabulated in 
Table 13. The maximum calculated LRV for MS2 through the system is 6.69, and the 
minimum is 3.34.  
The factorial experimental design, analysis R code, and results are detailed in 
Appendix D (D-2-1). The results according to the factorial analysis and ANOVA output, 
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and the main effects and interactions visualized in Figure 7 showed that only ET and 
T:ET had significant effects on the MS2 removal at the 95% confidence level. 
 
Table 13. The total log removal results via settling, filtration, and SODIS for MS2 
Run 
Initial 
Turbidity (NTU) 
Dissolved 
Oxygen 
Bottle 
Volume 
(L) 
Exposure 
Time (h) 
Total Log 
Removal 
1 0.6 unshaken 1 6 4.43 
2 1050 unshaken 1 6 3.34 
3 0.6 shaken 1 6 4.43 
4 1050 shaken 1 6 3.34 
5 0.6 unshaken 2 6 3.76 
6 1050 unshaken 2 6 3.53 
7 0.6 shaken 2 6 4.43 
8 1050 shaken 2 6 3.34 
9 0.6 unshaken 1 10 5.25 
10 1050 unshaken 1 10 4.49 
11 0.6 shaken 1 10 4.85 
12 1050 shaken 1 10 6.51 
13 0.6 unshaken 2 10 4.42 
14 1050 unshaken 2 10 6.50 
15 0.6 shaken 2 10 4.58 
16 1050 shaken 2 10 6.69 
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Figure 7. Probability plots for the main effects of the four factors and their 
interactions for the MS2 analysis (significant effects are marked with arrows) 
 
Clostridium perfringens 
The original plan was to purchase the Clostridium perfringens strain from ATCC. 
However, at the time of the experiment, ATCC was unable to supply the surrogate due to 
production difficulties. The Clostridium perfringens used in the experiment was provided 
by Utah Veterinary Diagnostic Lab; the surrogate was identified by Burker Daltonik 
MALDI Biotyper (Bruker Ltd., Milton, Ontario). Also, the experiment using Clostridium 
T 
T:ET 
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perfringens surrogate was carried at Utah Veterinary Diagnostic Lab (VDL) which is 
certified as a Biosafety Level II laboratory, rather than the Biosafety Level I Utah Water 
Research Laboratory, as required by USU risk management and good laboratory safety 
practices. 
The degree of sporulation of the strain from ATCC (NCTC 10240) was expected 
to be ~90 %. The sporulation of the strain from the Utah VDL that was actually used was 
assessed using phase-contrast microscopy and found to be less than 10%, which meant 
that a larger volume of the spike suspension was prepared for the experiment. 
Enumeration of Clostridium perfringens spores spiking suspensions and samples was 
done using the membrane filter procedure. Petri dishes (60 x 15 mm, Fisher Scientific, 
Catalog NO: 08-757-100B) with CCP medium were prepared; dilutions of the heat-
treated spore suspension were prepared, and diluted volumes were filtered through 0.45 
µm pore size filters to achieve counts of 20 to 80 CFU/filter (Environment Agency 2010). 
The filters on the CCP plates were inverted and incubated in an anaerobic 
atmosphere at 44 ± 1°C for 21 ± 3 hour (Environment Agency 2010). After incubation, 
the green-colored colonies that developed on the filters were counted. The initial 
concentration of the spores’ suspension was 2.2 x 105 ± 0.3 x 105 CFU/mL. Since the 
sporulation of the Clostridium perfringens strain was less than that expected, the water 
was spiked twice, before settling, and before SODIS. The water quality parameters of the 
experimental water for Clostridium perfringens are tabulated in Table 14.  
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Table 14. The measured parameters of the water used for the Clostridium 
perfringens analysis (H=high, L=low, T=turbidity). (Average ± standard deviation 
(STDEV) for triplicate measurements) 
 
DO (mg/L) pH  Temp (°C) 
Turbidity 
(NTU) 
Before settling (HT) 7.9 ± 0.2 8.4 ± 0.1 17 ± 0 1054 ± 8.1 
Before settling (LT) 7.9 ± 0.2 8.5 ± 0.2 17± 0 13.3 ± 1.5 
After settling (HT) 8.1 ± 0.3 8.4 ± 0.2 19 ± 0 106 ± 5.3 
After settling (LT) 8.0 ± 0.4 8.4 ± 0.06 19 ± 0 10.3 ± 0.3 
After filtration (HT) 7.0 ± 0.2 8.5 ± 0.1 19 ± 0 0.29 ± 0.006 
After filtration (LT) 7.2 ± 0.2 8.4 ± 0.2 19 ± 0 0.25 ± 0.02 
 
In this experiment, the water was spiked first and then divided into two equal 
volumes. The results of the triplicate samples that were taken before/after settling and 
after filtration are detailed in Appendix D, Tables 29, 30, 31; the averages are displayed 
in Table 15.  
 
Table 15. Clostridium perfringens spores’ concentration before/after settling and 
after filtration (average of triplicate samples) 
 
Clostridium 
perfringens 
concentratio
n (CFU/mL) 
STDEV 
(CFU/mL) 
 
Before settling 5.07 x 102 0.9 x 102 LRV 
After settling (HT) 58 7.21 
After settling (HT) 
0.94 
After settling (LT) 303 41.6 
After settling (LT) 
0.22 
After filtration 
(HT) 
0.0347 0.005 
After filtration (HT) 
3.22 
After filtration 
(LT) 
0.0233 0.003 
After filtration (LT) 
4.11 
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From the results displayed in Table 15, the calculated LRV after settling is 0.94 
for the HT sample and 0.22 for the LT sample. The calculated LRV after filtration was 
3.22 for the HT sample and 4.11 for the LT sample. The removal of Clostridium 
perfringens by the HSSF was relatively high compared to MS2 and E.coli, which could 
be because Clostridium perfringens has the largest size among them with a  diameter of ~ 
0.3-2.0 µm, compared to E.coli (diameter is ~ 1 µm), and MS2 (diameter is ~ 0.024-0.025 
µm) (Hardy Diagnostic 2016; WHO 2011). 
For the solar disinfection, 28 L of filtered water was spiked by the prepared 
spores’ culture stock; the spores’ concentration average before SODIS was 1.41 x 103 ± 
0.19 x 103 CFU/mL. After spiking with the spores, the turbidity of the water increased to 
2 NTU. The temperature was monitored during SODIS; the results are displayed in 
Appendix D, Table 28, and visualized in Figure 8. The highest temperature recorded in 
the bottles during the 10 hours and the 6 hours exposure periods were 30.1 °C and 31.5 
°C respectively. 
After SODIS, the concentration of Clostridium perfringens spores was determined 
in each bottle and the results are detailed in Appendix D, Table 32; and the averages are 
displayed in Table 16. The LRV range by SODIS was between 1.24 - 1.41 for the 16 
bottles; that LRV represents the smallest among the three surrogates.  
The low recorded LRV could be due to many reasons. First, the water turbidity 
increased to 2 NTU after the addition of the spores’ suspension (higher turbidity leads to 
lower light penetration). Second, the air temperature was lower on the day of the 
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experiment relative to the earlier runs, and the highest recorded water temperature on that 
day was only 31.5 °C, compared with > 40 °C during experiments with E. coli and MS2. 
In addition, the peak of the shortwave radiation for this runs was only 650 W/m2 
(Appendix D, Figure 23), which is 150 W/m2 lower than recorded for the MS2 
experiment and 250 W/m2 lower than that during the E.coli experiment. 
 Third, Clostridium perfringens is a surrogate for the RP Cryptosporidium that 
requires at least 10 hours for SODIS, and since the weather was cold and the UV level 
was lower than the previous runs, the ten hours that day may not have been enough for 
SODIS to be effective. 
The change in the air temperature during exposure is represented by Figure 24 
(Appendix D); the maximum air temperature was ~16 °C (campus’ readings). The net 
radiation is visualized in Figure 25 (Appendix D).  
The total LRVs for Clostridium perfringens through settling, filtration, and 
SODIS are tabulated in Table 17. The maximum calculated LRV for Clostridium 
perfringens through the system is 5.74, and the minimum is 5.42. The spike recovery 
percentage for Clostridium perfringens was 83.3%. 
The factorial experimental design, R code, and results are detailed in Appendix D 
(D-3-1). The results according to the factorial analysis and ANOVA output, and the data 
visualized in Figure 9 showed that only the main four factors (ET, T, DO, BV) had 
significant effects on the Clostridium perfringens removal at the 95% confidence level. 
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Figure 8. The change in temperature in the 1L and 2L bottles during the 10 and 6 
hours of SODIS for Clostridium perfringens (red =2L, blue=1L) 
Table 16. The concentration of Clostridium perfringens after SODIS (average for 
duplicate measurements) 
 
 
 
 
 
Bottle 
No. 
Average 
CFU/mL 
STDEV 
CFU/mL 
Bottle 
No. 
Average 
CFU/mL 
STDEV 
CFU/mL 
1 80 0.7 9 64 7.1 
2 77 4.2 10 66 7.1 
3 71 2.8 11 55 5.7 
4 73 9.9 12 59 9.9 
5 80 0.7 13 69 5.7 
6 78 2.8 14 73 2.8 
7 73 4.2 15 61 9.9 
8 75 7.1 16 58 8.5 
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Table 17. The total log removal results via settling, filtration, and SODIS for 
Clostridium perfringens 
Run Initial 
Turbidity 
(NTU) 
Dissolved 
Oxygen 
Bottle 
Volume (L) 
Exposure 
Time (h) 
Total Log 
Removal 
1 13.3 unshaken bottle 1 6 5.57 
2 1054 unshaken bottle 1 6 5.42 
3 13.3 shaken bottle 1 6 5.62 
4 1054 shaken bottle 1 6 5.44 
5 13.3 unshaken bottle 2 6 5.57 
6 1054 unshaken bottle 2 6 5.41 
7 13.3 shaken bottle 2 6 5.61 
8 1054 shaken bottle 2 6 5.43 
9 13.3 unshaken bottle 1 10 5.67 
10 1054 unshaken bottle 1 10 5.50 
11 13.3 shaken bottle 1 10 5.74 
12 1054 shaken bottle 1 10 5.54 
13 13.3 unshaken bottle 2 10 5.64 
14 1054 unshaken bottle 2 10 5.44 
15 13.3 shaken bottle 2 10 5.69 
16 1054 shaken bottle 2 10 5.54 
 
The changes in DO, temperature, pH, and turbidity in the water used for the 
experiments of the three surrogates (Tables 4, 8, 14) are visualized in Figures 26, 27, 28 
(Appendix E). From the figures, the standard deviations (error bars) are low and even 
invisible for some of the measurements, which indicates a high precision for the 
measurements. Also, the pH didn’t change significantly during the experiments. The 
initial temperature of the water for each experiment was lower than the temperature at the 
end, because after settling and filtration the water temperature was close to the 
temperature in the room where the experiment was held.  
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Figure 9. Probability plot for the main effects of the four factors and their 
interactions for the Clostridium perfringens analysis (significant effects are marked 
with arrows) 
 
The DO of the water showed a small decrease after filtration (≤ 0.6). Through 
settling and filtration the turbidity was reduced to very low levels (≤ 0.3 NTU), which are 
below than the WHO drinking water standard (2 NTU). The initial values of DO and pH 
were similar to the mean values recorded for the Nile River (Appendix A, Table 19), but 
ET 
DO 
BV 
T 
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the temperature of the experimental water was closer to the Nile’s minimum water 
temperatures (Appendix A, Table 19). 
Discussion 
  The log removal (LRV) after 12 hours settling for E.coli was 0.54 for the HT 
sample and 0.32 for the LT sample. However, for MS2 the LRV was zero for the HT 
sample and 0.23 for the LT sample, and for Clostridium perfringens was 0.94 for the HT 
sample and 0.22 for the LT sample. The HT samples showed better LRV by settling than 
the LT samples except for MS2. 
The settling/filters were very effective in removing turbidity and the differing 
influent levels of turbidity didn’t materially affect the filters’ performance (Appendix A, 
Figure 15). The averages of the effluent turbidity were less than 0.3 NTU for the two 
filters for all cases. Based on the average results of the effluent turbidity the first 
hypothesis is supported and the filters were able to reduce the turbidity to less than the 2 
NTU that represents the WHO standard turbidity for drinking water.  
The LRV by filtration for E.coli was 2.20 for the HT sample and 1.99 for the LT 
sample, and for Clostridium perfringens was 3.22 for the HT sample and 4.11 for the LT 
sample. The LRV for MS2 by filtration was low compared to E.coli and Clostridium 
perfringens; it was 0.19 for the HT sample and 0.62 for the LT sample.  
The SODIS step was very effective for E.coli and MS2 inactivation, but less 
effective for Clostridium perfringens. Since the recorded temperatures and short-wave 
ultraviolet radiation were much lower on the day of SODIS treatment for Clostridium 
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perfringens, it is not possible to know if the reduced inactivation is due to decreases in 
light and temperature relative to earlier in the year, or due to differences in the 
susceptibility of the C. perfringens itself to these factors. The LRVs after settling, 
filtration, and SODIS were very similar to the baseline and maximum effectiveness that is 
referenced in the WHO manual for bacteria, viruses, and protozoa (WHO 2011). 
The maximum and minimum LRVs results through the system, and the results of the 
applied full factorial experimental design are summarized in Table 18. 
 
Table 18. Summarized experimental results. ET = exposure time, T = turbidity, BV 
= bottle volume, and DO = shaking. 
 E.coli MS2 Clostridium 
perfringens 
Maximum LRV 8.54 6.69 5.74 
Minimum LRV 6.21 3.34 5.42 
Factors and 
interactions that 
found to have 
significant effects 
on the log removal 
T 
ET 
BV 
DO 
T 
ET 
 
 
T 
ET 
BV 
DO 
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The calculated LRVs through the system exceed preliminary estimated LRV from 
our hypothesis (at least 4 LRV will be achieved through the system). The minimum LRV 
for MS2 was less than 4 because the 10 hours exposure period showed much better 
removals than 6 hours.  
Each step (settling, filtration, SODIS) in the system is important and none of them 
should be neglected, because each step improves the performance of the next step. The 
settling step helps in the turbidity/microbes reduction by reducing the solids load on the 
HSSF. The filtration of the settled water rather than the raw water directly, helps in 
improving the performance by reducing turbidity, and improves the life time of the 
HSSF. Producing water with a low turbidity level after settling and filtration is essential 
for effective SODIS treatment that might prevent UV radiation from penetrating to all of 
the water volume. 
According to the performance requirements for household water treatment 
options, the system evaluated here may be classified as highly protective because it was 
able to achieve higher than 4 LRV for E.coli and Clostridium perfringens, and higher 
than 5 LRV for MS2 (WHO 2011).  
However, though the system as tested was very effective, when such a system is 
implemented in a community, it’s critical to provide basic maintenance so that long-term 
effectiveness can be maintained. This would include thorough cleaning of all containers 
before and periodically during use, and ensuring that the SODIS containers are kept free 
of scratches that would reflect UV light. This maintenance would require a fraction of the 
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water produced for final rinsing of containers, which could then be dried in the hot sun to 
take advantage of thermal and UV disinfection. In addition, the filter media would need 
to be replaced with some frequency with cleaned media that also had been disinfected in 
the sun. Water storage containers would also require routine cleaning and disinfecting to 
take full advantage of the SODIS process. 
The calculated standard deviations for the average concentrations of the 
surrogates after each treatment were not high for most of the replicates, which indicates 
that the random error associated with the measurements is relatively low. 
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SUMMARY AND CONCLUSION  
The effectiveness of household slow sand filters (HSSF) with solar disinfection 
(SODIS) was test for water similar in characteristics to typical waters in the Nile River. 
The system (HSSF/SODIS) was built and evaluated to help in improving the drinking 
water quality for the low-income communities along the Nile River. The evaluation of the 
system was based on removing turbidity, and some surrogates that specified by the WHO 
for evaluating the household water treatment options. The surrogates used in the 
evaluation were E. coli, MS2, and Clostridium perfringens; the experiment was applied 
for each surrogate separately. The water was spiked and allowed to settle for 12 hours. 
Two identical HSSFs were built and their capabilities to reduce the surrogates, and the 
different turbidity levels to ≤ 2, were tested. After filtration, the water was filled into PET 
bottles and exposed to the sun light. Experimental factorial design was used to investigate 
the influence of turbidity, dissolved oxygen, bottle’s volume and the exposure period to 
sunlight, at two levels. The log removals after settling, filtration, and disinfection were 
recorded.  
The combinations of settling and filtration were very effective in removing 
turbidity in this study. The different influent levels of turbidity didn’t affect the filters’ 
performance, and the average effluent turbidities were less than 0.3 NTU for the two 
filters for all case, well below WHO standards.  
Settling, filtration, and SODIS were also very effective for reducing each of the 
three microbial surrogates examined here, with the WHO-recommended log removals 
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(LRV) met for each. Settling alone was not effective for microbial control, although the 
runs with higher initial turbidity (HT) had generally improved LRV relative to low initial 
turbidity.  Filtration was somewhat more effective for microbial removal than settling and 
the addition of solar disinfection was very effective for E. coli and MS2 virus though 
somewhat less so for the Clostridium perfringens. 
  Since the recorded temperatures and short-wave radiation were much lower on the 
day of SODIS treatment for Clostridium perfringens, it is not possible to know if the 
reduced inactivation is due to decreases in light and temperature relative to earlier in the 
year, or due to differences in the susceptibility of the C. perfringens itself to these factors. 
The LRVs after settling, filtration, and SODIS were very similar to the baseline and 
maximum effectiveness that is referenced in the WHO manual for bacteria, viruses, and 
protozoa (WHO 2011). 
It can be observed from the results that each step (settling, filtration, SODIS) in 
the system is important and none of them should be neglected, because each step 
improves the performance of the next step. The settling step helps in the 
turbidity/microbial reduction before using the HSSF. The filtration of the settled water 
rather than the raw water directly, helps in improving the performance, and extends the 
life time of the HSSF. Low turbidity is essential for effective SODIS treatment. 
According to the performance requirements for household water treatment options, the 
system evaluated here may be classified as highly protective because it was able to 
achieve higher than 4 LRV for E.coli and Clostridium perfringens, and higher than 5 
LRV for MS2 (WHO 2011). 
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ENGINEERING SIGNIFICANCE 
The HSSF/SODIS system evaluated here can play a vital role in protecting and 
improving the public health among the low-income communities who can’t afford the 
cost of, or do not have access to safe drinking water.  The sector of the people who are 
classified as low-income communities in the developing countries along the Nile River is 
not small; the system can help in the reduction of water-related diseases, medical 
expenses, and the rate of death among children due to water-related diseases.  
The main components of the system are obtainable and easy to build and 
maintain.  Using a HSSF followed by SODIS can be very efficient in the hot countries of 
the Nile River basin because countries close to the equator experience a very high level 
of UV radiation. 
The system does not require any pretreatment or skilled operators. The application 
of the two-step treatment option is relatively simple and inexpensive compared to other 
water treatment techniques; it can be spread and applied easily even among people with 
little or no technical training. 
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RECOMMENDATIONS  
Public health and medical professionals in the countries along the Nile River and 
other developing countries should take serious steps toward improving the public 
awareness about the risk of using untreated water, and the simplicity/efficiency of using 
the evaluated household water treatment system. In this research, the system was 
evaluated for removing turbidity and microbes; further analyses are required to study the 
efficiency of the system in removing chemical contaminants and metals. In addition to 
that, the research should be extended to study UV-transmittance and absorbance of the 
different PET bottles, and its impact on SODIS. The kinetics of SODIS inactivation 
under different light/temperature/radiation conditions over time should also be tested. 
The governments should put more effort in monitoring and controlling the 
different pollution sources along the Nile; violations should be taken seriously and 
penalties should be enforced.  
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Appendix A 
Some Tables and Figures 
Table 19. Summary statistics of physical and chemical water parameters 
determined in 5 sites along the River Nile near Mansoura City in 2011/2012 
(adapted from Ali et al. 2014) 
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Figure 10. A man collects water from a canal beside a dead donkey on the Nile Delta 
north of Cairo (adapted from Hussien 2014) 
 
Figure 11. Low-income communities have no alternatives; they use the Nile River 
water without any treatment, which causes major health problems (adapted from 
Muscara 2014) 
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Figure 12. The Nile River Map (adapted from Barron 2005) 
South Sudan 
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Figure 13. Turbidity data for year-2005/2006 for the Nile River at Khartoum 
(adapted from De Villiers and Seath 2007) 
Table 20. Monthly averages for some parameters of Logan River-First Dam 
(adapted from iUtah 2015) 
Month DO 
(mg/L) 
Specific 
Conductance 
(µS/cm) 
Turbidity 
(NTU) 
Temperature 
(°C) 
pH 
January 11.39 381.53 0.94 3.57 8.24 
February 10.92 383.49 17.12 4.75 8.39 
March 10.92 383.39 16.95 4.75 8.38 
April 10.58 372.15 1.17 6.49 8.48 
May 10.17 342.32 2.14 8.06 8.46 
June 9.96 318.31 4.08 8.57 8.42 
July 9.52 325.82 4.63 10.45 8.45 
August 9.21 349.39 1.31 12.53 8.42 
September 9.08 355.45 0.96 12.91 8.38 
October 9.25 360.82 0.91 11.10 8.40 
November 10.99 383.52 0.69 4.41 8.36 
December 11.35 388.44 0.97 3.06 8.34 
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Figure 14. PET bottles filled with the filtered water for SODIS 
 
 
Figure 15. Water before and after filtration 
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Appendix B  
Microbes Preparation and Culturing According to ATCC Product Sheets & EPA 
 [B-1] Surrogate Bacteria 
The selected surrogate is:    
- Escherichia coli 
ATCC Number: 25922 
Strain: FDA strain Seattle 1946 [DSM 1103, NCIB 12210] 
Biosafety Level: 1 
Initial Culture Medium:  ATCC® Medium 18: Trypticase Soy Broth 
Growth Conditions: Temperature: 37.0 °C, Atmosphere: Aerobic 
Price: Non-Profit $50 
(B-1-1) Propagation Procedure for Escherichia Coli 
- Add 30 g of broth medium Trypticase Soy (Fisher Scientific, DF0370-17-3) to 1000 
mL distilled water, then autoclave the broth solution at 121°C for 20 minutes and let 
it cool to the room temperature 
- Open the Escherichia Coli vial according to enclosed instructions 
- Add (5 to 6 mL) of the broth to a sterilized tube, withdraw approximately 0.5 to 1.0 
mL with a pipette 
- Rehydrate the entire Escherichia coli pellet with the withdrawn broth 
-  Aseptically transfer the component of the rehydrated Escherichia coli pellet     
back into the broth tube and mix it well 
-  Incubate the prepared tube at 35°C ± 3 °C for 20 ± 4 hours 
- Prepare the spiking suspension and enumerate it following Method 1603, section 14 
(EPA 2009) 
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- Spike the water samples with the cultured bacteria and mix   
[B-2] Surrogate Protozoa 
The selected surrogate is: 
- Clostridium perfringens 
ATCC Number: 14810 
Strain: NCTC 10240 
Biosafety Level: 2 
Initial Culture Medium:  ATCC Medium No: 1053 Broth: Reinforced Clostridial 
Medium (Oxoid CM 149 or BD 218081) 
Growth Conditions: Temperature: 37.0°C, Atmosphere: Anaerobic 
Price: Non-Profit $295 
(B-2-1) Propagation Procedure for Clostridium Perfringens  
(Environment Agency 2010; Hsiah and Labbe 2007; Manafi et al. 2013; WHO 2011) 
- Propagation from freeze-dried preparation  
- This entire procedure should be performed under anaerobic conditions to the extent 
possible. The use of an anaerobic glove bag or chamber is preferred; providing a 
stream of filtered N2 gas into tubes and over plates may be sufficient 
- Open the vial according to the instructions and aseptically rehydrate the entire pellet 
with approximately 0.5 mL of Reinforced Clostridial Medium (RCM) broth 
- Aseptically transfer the entire contents of the vial to a 6 mL tube of RCM broth 
- Mix gently by rolling the tube in the palms of the hand and transfer 0.5 mL to each of 
two additional RCM tubes 
- Streak a 60 x 15 mm plate of CP Chromo Select agar (CCP) for colony isolation 
using the residual liquid in the freeze-dry vial 
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- Streak a 100 x 15 mm plate of Columbia Agar Base for colony isolation using the 
residual liquid in the freeze-dry vial 
- Incubate the inoculated tubes and plates in an anaerobic atmosphere at 37° C for 24 to 
48 h 
- When turbid growth is achieved in the broth tubes, one or more of the tubes may be 
used as the inoculum for the sporulation medium 
- Costridium perfringens sporulation 
- A sporulated culture of Clostridium perfringens is produced in modified Duncan-
Strong Sporulation Medium (mDSSM) 
- mDSSM composition per liter: 
Potato peptone (Sigma 83059-500G-F)   15.0 g 
Na2HPO4·7H2O.....................................   10.0 g 
Raffinose.............................................     4.0 g 
Yeast extract........................................    4.0 g 
Sodium thioglycolate............................   1.0 g 
- Preparation of medium:  Add components to reagent grade water and bring volume to 
1.0 L. Mix thoroughly. Gently heat to boiling. Distribute into tubes or flasks and 
autoclave-sterilize. Adjust to pH 7.8 with filter sterilized 0.66 M Na2CO3 
- Culture initiation and sporulation:  Inoculate with 100 µL of original culture/10 mL. 
Incubate under anaerobic conditions overnight at 37° C and assess sporulation using 
phase-contrast microscopy. The target sporulation frequency is ~90%. 
- Centrifuge the culture at 3000 rcf for 45 min  
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- Collect the sediment and suspend it in small amount of buffered dilution water 
(APHA 1995)  
- Heat-treat the water inoculum to 70 °C for 15 min to kill vegetative cells prior to use 
- Spore suspensions can tolerate aerobic conditions and can be stored under 
refrigeration for weeks or frozen for months to years 
- Enumerate Clostridium perfringens spores spiking suspensions using the membrane 
filter procedure. Prepare petri dishes (60 x 15 mm) with CCP medium; prepare 
dilutions of the heat-treated spore suspension and filter the dilutions through 0.45 µm 
pore size filters to achieve counts of 20 to 80 CFU/filter. 
- The filters on the CCP plates should be inverted, incubated in an anaerobic 
atmosphere at 44 ± 1°C for 21 ± 3 hour.  
- After incubation count the green-colored colonies that developed on the filters  
- Spike the water samples with the spore suspension and mix  
Notices: 
- The anaerobic conditions for incubation was achieved by using anaerobic jars  
[B-3] Surrogate Virus 
The selected surrogate is: 
- Escherichia coli bacteriophage (male-specific (F+) coliphage) 
 ATCC Number: 15597-B1 
 Strain: MS2 
 Biosafety Level: 1 
 Price: Non-Profit $50 
 Host: Escherichia coli Famp (ATTC#700609) 
 ATCC Number: 15597 
Strain: C-3000 (Derived from E. coli strain K-12) 
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Biosafety Level: 1 
Initial Culture Medium: Tryptic soy broth (DF0370-17-3)  
Growth Conditions: Temperature: 37.0°C, Atmosphere: Aerobic 
(B-3-1) Propagation Procedure for Escherichia Coli Bacteriophage 
To recover phage from freeze dried or thawed frozen vials use the following steps: 
- Prepare an actively growing broth culture of the recommended host strain from a        
frozen stock before opening the phage by following the instructions in Method 1601, 
section 7.5 (EPA 2001).  
- Open the bacteriophage vial according to enclosed instructions 
- Rehydrate the freeze dried phage vial with approximately 1.0 mL of the broth culture 
(0.5 mL to a liquid cryovial) 
- Prepare serial dilutions by passing 0.5 mL of the rehydrated phage into a tube 
containing 4.5 mL of the melted (soft) agar medium (0.5 % agar) (Note: The soft agar 
should be maintained at 43°C to 45°C till ready to pour (use a water bath) 
- Pre-warm the prepared petri dishes with the recommended bottom agar in an 
incubator 
- Pour the prepared dilutions onto the surface of the bottom agar  
- Incubate the prepared petri dishes at 36 °C ± 1 °C for 20 ± 4 hours 
- After incubation, prepare a phage buffer according to the instructions of (DSMZ 
2014) 
- To harvest the virus from the plate, add 5 ml of the phage buffer to each prepared 
plate and place them carefully on a shaker for 3 hours 
74 
 
 
 
- Collect the buffer from the surface of the plates and centrifuge at 1000 rpm for 25 
minutes to sediment the cellular debris and agar  
- Pass the supernatant through 0.22 µm Millipore filter  
- Calculate the concentration of the virus following Method 1601, section 11-flow chart 
2 (EPA 2001) 
- Spike the water samples with the filtrate and mix  
- The filtrate can be frozen and stored with or without cryoprotectant for few days at 4-
8 °C (Note: liquid nitrogen storage is the best for long term storage) 
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[B-4] Equipment and media used for the surrogates culturing and enumeration 
1. 20 L water bath (Fisher Scientific, Catalog No. TSGP20) 
2. Petri dishes (9 x 50 mm, tight lid) (Fisher Scientific, Catalog No: 08-757-105) 
3. Whirl-Pak bags (7 oz., 9.5 x 18 cm) (Fisher Scientific, Catalog No: 01-812-120) 
4. Syringes (sterile, disposable, 20 mL) (Fisher Scientific, Catalog No: 14-823-16J) 
5. Syringe filter disks (disposable, 0.22 µm pore) (Fisher Scientific, Catalog No: 09-
720-004) 
6. Petri dishes (100 mm diameter) (Fisher Scientific, Catalog No: 08-757-100D) 
7. Petri dish grids (70 squares) (Fisher Scientific, Catalog No: 50-930-419) 
8. Cryogenic tubes (Nunc 4.5 mL) (Fisher Scientific, Catalog No: 12-565-291) 
9. Serological sterilized pipette (Fisher Scientific, Catalog No: 170353) 
10. Pipette bulb (Fisher Scientific, Catalog No: 13-681-102B) 
11. Thermo Fisher Scientific thermometer (Catalog No: 13-201-636) 
12. Syringe filters (sterile, disposable, 0.45 µm) (Life Science Products, Catalog No: 
Catalog SKU: 8054-NS) 
13. Glassware (conical flasks, beakers, graduated cylinders, pipettes, 100 mL glass 
bottles, screw cap test tubes) 
14. Bunsen burner (Cole Parmer, Catalog No: EW-36130-22)  
15. Conical centrifuge tubes (polypropylene, 15 mL) (Fisher Scientific, Catalog No: 
14-959-53A) 
16. Oxoid AnaeroGen -2.5L sachet (Fisher Scientific, Catalog No: OXAN0025A) 
17. Anaerobic jars (Fisher Scientific, Catalog No: OXAG0026A) 
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18. Environette Controlled Environmental Room (LAB-LINE Instruments, Inc., 
Melrose Park, Illinois) 
19. Beckman centrifuge - model J2-21 (Beckman Coulter, Inc., Brea, CA) 
20. ORBITAL SHAKERS - model MAXQ 430 HP (Fisher Scientific, Inc., Marietta, 
Ohio) 
21. Spectrophotometer - model GENESYS 6 (Fisher Scientific, Catalog No: 
335908P) 
22. Laminar flow biohazard cabinet (Environmental Air Control, Inc., Hagerstown, 
Maryland) 
23. Autoclave (Consolidated Stills & Sterilizers, Boston, MA) 
24. EMD Millipore Microbiological Analysis Membrane Filters - pore size 0.45µm 
(Fisher Scientific, Catalog No: HAWG047S6) 
25. Modified mTEC agar (Fisher Scientific, Catalog No: B14884) 
26. Tryptic soy broth, dehydrated (Fisher Scientific, Catalog No: DF0370-17-3) 
27. Ampicillin sodium (Sigma-Aldrich, Catalog No: A9518-5) 
28. Streptomycin sulfate (Sigma-Aldrich, Catalog No: S6501-5) 
29. Santino magnetic filter funnels (Colonial Scientific, Catalog No: 30617-184-EA, 
30617-186-EA, 30617-188-EA) 
30.  Vacuum manifold (Fisher Scientific, Catalog No: 109809)  
31. Bruker Daltonik MALDI Biotyper (Bruker Ltd., Milton, Ontario) 
32. m-CP Selective Supplement (Sigma-Aldrich, Catalog No: 51962) 
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33. CP Chromo Select Agar for microbiology (Sigma-Aldrich, Catalog No: 12398-
250G) 
34. D-(+)-Raffinose pentahydrate for microbiology (Sigma-Aldrich, Catalog No: 
823400-100G) 
35. Peptone from potatoes for microbiology (Sigma-Aldrich, Catalog No: 83059-
500G-F) 
36. BD Difco Dehydrated Culture Media: Reinforced Clostridial Medium (Sigma-
Aldrich, Catalog No: 1.05411) 
37. Columbia Agar (Sigma-Aldrich, Catalog No: 27688)  
38. Corning Falcon Bacteriological Petri Dishes with Lid-60 x 15 mm (Fisher 
Scientific, Catalog No: 08-757-100B) 
39. QUEBEC Colony Counter (American Optical CO, Buffalo, New York) 
40. Microscope BX41 (Olympus America, Inc., Melville, New York)  
41. Scale AX223 (OHAUS, Catalog No: 30100605) 
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Appendix C 
Statistical Analysis for the Turbidity Data Using R language 
Table 21. The effluent turbidity of the two filters within 24 days 
Filter one Filter two 
The effluent turbidity 
when the spiked 
turbidity at low levels 
The effluent turbidity 
when the spiked 
turbidity at high levels 
The effluent turbidity 
when the spiked 
turbidity at low levels 
The effluent turbidity 
when the spiked 
turbidity at high levels 
0.23 0.30 0.40 0.37 
0.27 0.27 0.37 0.37 
0.20 0.27 0.37 0.23 
0.23 0.23 0.23 0.30 
0.23 0.27 0.27 0.37 
0.27 0.20 0.27 0.33 
0.17 0.30 0.23 0.33 
0.20 0.33 0.23 0.33 
0.23 0.30 0.20 0.30 
0.20 0.20 0.23 0.27 
0.20 0.23 0.20 0.20 
0.20 0.23 0.30 0.27 
0.27 0.33 0.17 0.23 
0.23 0.27 0.23 0.27 
0.20 0.30 0.17 0.23 
0.20 0.33 0.20 0.23 
0.20 0.30 0.17 0.17 
0.13 0.33 0.20 0.20 
0.30 0.23 0.13 0.37 
0.37 0.23 0.13 0.23 
0.27 0.20 0.13 0.23 
0.37 0.23 0.30 0.20 
0.33 0.20 0.33 0.13 
0.37 0.30 0.27 0.20 
0.20 0.20 0.30 0.13 
0.13 0.20 0.43 0.17 
0.13 0.20 0.33 0.13 
0.20 0.17 0.27 0.17 
0.20 0.13 0.23 0.17 
0.20 0.13 0.33 0.20 
0.20 0.17 0.33 0.20 
0.20 0.17 0.23 0.17 
0.20 0.20 0.23 0.20 
0.20 0.17 0.20 0.13 
0.20 0.20 0.20 0.17 
0.20 0.20 0.17 0.13 
Average 0.23 0.24 0.25 0.23 
STDEV 0.06 0.06 0.08 0.08 
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# Using Student t. test to Check if there is a difference in the averages of the effluent 
turbidity of filter one and filter two. 
> f1=readClipboard() 
> f1n=as.numeric(f1) 
> f1n 
 [1] 0.23 0.27 0.20 0.23 0.23 0.27 0.17 0.20 0.23 0.20 0.20 0.20 0.27 0.23 0.20 
[16] 0.20 0.20 0.13 0.30 0.37 0.27 0.37 0.33 0.37 0.20 0.13 0.13 0.20 0.20 0.20 
[31] 0.20 0.20 0.20 0.20 0.20 0.20 0.30 0.27 0.27 0.23 0.27 0.20 0.30 0.33 0.30 
[46] 0.20 0.23 0.23 0.33 0.27 0.30 0.33 0.30 0.33 0.23 0.23 0.20 0.23 0.20 0.30 
[61] 0.20 0.20 0.20 0.17 0.13 0.13 0.17 0.17 0.20 0.17 0.20 0.20 
> f2=readClipboard() 
> f2n=as.numeric(f2) 
> f2n 
 [1] 0.40 0.37 0.37 0.23 0.27 0.27 0.23 0.23 0.20 0.23 0.20 0.30 0.17 0.23 0.17 
[16] 0.20 0.17 0.20 0.13 0.13 0.13 0.30 0.33 0.27 0.30 0.43 0.33 0.27 0.23 0.33 
[31] 0.33 0.23 0.23 0.20 0.20 0.17 0.37 0.37 0.23 0.30 0.37 0.33 0.33 0.33 0.30 
[46] 0.27 0.20 0.27 0.23 0.27 0.23 0.23 0.17 0.20 0.37 0.23 0.23 0.20 0.13 0.20 
[61] 0.13 0.17 0.13 0.17 0.17 0.20 0.20 0.17 0.20 0.13 0.17 0.13 
> t.test(f1n,f2n) 
        Welch Two Sample t-test 
data:  f1n and f2n 
t = -0.80609, df = 133.85, p-value = 0.4216 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -0.03165837   0.01332504 
sample estimates: 
mean of x     mean of y  
0.2312500    0.2404167  
 # Using ANOVA to check the influence of the different effluent turbidity levels on the 
filters’ performance. 
> c=readClipboard() 
> cn=as.numeric(c) 
> cn 
  [1] 0.40 0.37 0.37 0.23 0.27 0.27 0.23 0.23 0.20 0.23 0.20 0.30 0.17 0.23 0.17 
 [16] 0.20 0.17 0.20 0.13 0.13 0.13 0.30 0.33 0.27 0.30 0.43 0.33 0.27 0.23 0.33 
 [31] 0.33 0.23 0.23 0.20 0.20 0.17 0.37 0.37 0.23 0.30 0.37 0.33 0.33 0.33 0.30 
 [46] 0.27 0.20 0.27 0.23 0.27 0.23 0.23 0.17 0.20 0.37 0.23 0.23 0.20 0.13 0.20 
 [61] 0.13 0.17 0.13 0.17 0.17 0.20 0.20 0.17 0.20 0.13 0.17 0.13 0.23 0.27 0.20 
 [76] 0.23 0.23 0.27 0.17 0.20 0.23 0.20 0.20 0.20 0.27 0.23 0.20 0.20 0.20 0.13 
 [91] 0.30 0.37 0.27 0.37 0.33 0.37 0.20 0.13 0.13 0.20 0.20 0.20 0.20 0.20 0.20 
[106] 0.20 0.20 0.20 0.30 0.27 0.27 0.23 0.27 0.20 0.30 0.33 0.30 0.20 0.23 0.23 
[121] 0.33 0.27 0.30 0.33 0.30 0.33 0.23 0.23 0.20 0.23 0.20 0.30 0.20 0.20 0.20 
[136] 0.17 0.13 0.13 0.17 0.17 0.20 0.17 0.20 0.20 
> HL=rep(as.factor(c(1:4)),each=36) 
> F=rep(as.factor(c(1:2)),each=72) 
> cc=data.frame(Filters=F,LowHigh=HL,Turbidity=cn) 
> cc.aov=aov(Turbidity~Filters+LowHigh,data=cc) 
> summary(cc.aov) 
                   Df     Sum Sq    Mean Sq    F value       Pr(>F) 
Filters         1     0.0030      0.003025      0.648          0.422 
LowHigh    2      0.0080     0.003990       0.855         0.427 
Residuals   14    00.6531  0.004665        
> par(mfrow=c(2,2)) 
> plot(cc.aov) 
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Figure 16. Residuals check  
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 Appendix D 
Detailed Recorded Concentrations and R Codes for Statistical Analysis and Figures 
 [D-1] For E.coli 
Table 22. The water temperature change during SODIS for E.coli 
For the 10 hours exposure period: 
Time 9:00 am 11:00 am 1:00 pm 3:00 pm 5:00 pm 7:00 pm 
Temp in 1L 
bottle (°C) 
19 25 35 40 40 34 
Temp in 2L 
bottle (°C) 
19 24 35 40 40 35 
For the 6 hours exposure period: 
Time 10:00 am 12:00 pm 2:00 pm 4:00 pm   
Temp in 1L 
bottle (°C) 
19 29 39 41   
Temp in 2L 
bottle (°C) 
19 29 38 40   
  
(D-1-1) The R codes for the E.coli statistical analysis and figures 
The change in the water temperature during exposure: 
# 1L & 2L bottles (10 h) 
> Time=c(9,11,13,15,17,19) 
> Temp1L=c(19,25,35,40,40,34) 
> Temp2L=c(19,24,35,40,40,35) 
 > plot(Temp1L~Time,xlab="Time (10 h)",ylab="Temp °C",pch=16,col="blue",type='b') 
> points (Temp2L~Time,pch=24,col="red",type='b') 
# 1L & 2L bottles (6 hours) 
> Time6=c(10,12,14,16) 
> Temp1L6=c(19,29,39,41) 
> Temp2L6=c(19,29,38,40) 
 > plot(Temp1L6~Time6,xlab="Time (6 h)",ylab="Temp C°",pch=16,col="blue",type='b') 
> points(Temp2L6~Time6,pch=24,col="red",type='b') 
The application of the factorial experimental design for the removal of E.coli using 
four factors and their interactions: 
> z=ffDesMatrix(4) 
> z 
      [,1] [,2] [,3] [,4] 
 [1,]   -1   -1   -1   -1 
 [2,]    1   -1   -1   -1 
 [3,]   -1    1   -1   -1 
 [4,]    1    1   -1   -1 
 [5,]   -1   -1    1   -1 
 [6,]    1   -1    1   -1 
 [7,]   -1    1    1   -1 
 [8,]    1    1    1   -1 
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 [9,]   -1   -1   -1    1 
[10,]    1   -1   -1    1 
[11,]   -1    1   -1    1 
[12,]    1    1   -1    1 
[13,]   -1   -1    1    1 
[14,]    1   -1    1    1 
[15,]   -1    1    1    1 
[16,]    1    1    1    1 
> T=z[1:16,1] 
> DO=z[1:16,2] 
> BV=z[1:16,3] 
> ET=z[1:16,4] 
# where T=turbidity, DO= dissolved oxygen, BV= bottle volume, ET= exposure time 
> y=c(6.82,7.20,7.11,7.34,6.21,7.03,6.79,7.35,7.92,8.27,8.36,8.54,7.60,7.74,8.08,8.42) 
> lm.z=lm(y~(T+DO+BV+ET)^2)   
> residuals=lm.z$residuals 
> coef=lm.z$coefficient 
> effects=lm.z$coefficient*2 
> effects 
(Intercept)           T           DO                BV                ET        T:DO  
    15.0975       0.3750      0.4000     -0.2925      1.1350     -0.0475  
       T:BV         T:ET          DO:BV       DO:ET       BV:ET  
     0.0900     -0.1225      0.1150      0.0675     -0.0200  
> require (e1071) 
Loading required package: e1071 
> probplot (effects [2:16]) 
Anova Check for the significant effects and interactions  
By dropping all the interactions: 
 ma.lm=lm (y~T+DO+BV+ET+I(T*DO)+I(T*BV)+I(T*ET)+I(DO*BV)+I(DO*ET)+I(BV*ET)) 
ma.lm2=lm (y~T+DO+BV+ET) 
anova(ma.lm,ma.lm2) 
Analysis of Variance Table 
Model 1: y ~ T + DO + BV + ET + I(T * DO) + I(T * BV) + I(T * ET) + I(DO *  
    BV) + I(DO * ET) + I(BV * ET) 
Model 2: y ~ T + DO + BV + ET 
  Res.Df      RSS Df     Sum of Sq      F            Pr(>F) 
1      5      0.072775                            
2     11    0.246950 -6   -0.17417     1.9944   0.2329 
All the interactions are not significant. 
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[D-1-2] The details of the recorded concentrations and analyzed volumes for E.coli 
Table 23. The concentration of E.coli before settling 
        
      CFU/mL 
Average 
CFU/mL 
STDEV 
CFU/mL 
Filtered 
volume 
 (mL) 
0.2 0.5 1 3 10 
2.6 x 104 
2.87 x 104 0.31 x 104 
HT sample 1 
(CFU/plate) 
TFTC TFTC TFTC TFTC 
26 x 104 
CFU 
HT sample 2 
(CFU/plate) 
TFTC TFTC TFTC TFTC 
28 x 104 
CFU 
2.8 x 104 
HT sample 3 
(CFU/plate) 
TFTC TFTC TFTC TFTC 
32 x 104 
CFU 
3.2 x 104 
LT sample 1 
(CFU/plate) 
TFTC TFTC TFTC TFTC 
31 x 104 
CFU 
3.1 x 104 
3.03 x 104 0.12 x 104 
LT sample 2 
(CFU/plate) 
TFTC TFTC TFTC TFTC 
29 x 104 
CFU 
2.9 x 104 
LT sample 3 
(CFU/plate) 
TFTC TFTC TFTC TFTC 
31 x 104 
CFU 
3.1 x 104 
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Table 24. The concentration of E.coli after settling 
      
CFU/mL 
Average 
CFU/mL 
STDEV 
CFU/mL 
Filtered 
volume (mL) 
0.5 1 3 5 50 
0.46 x 104 
0.83 x 104    0.55 x 104 
HT sample 1 
(CFU/plate) 
TFTC TFTC TFTC TFTC 23 x 104 
HT sample 2 
(CFU/plate) 
TFTC TFTC TFTC TFTC 28 x 104 0.56 x 104 
HT sample 3 
(CFU/plate) 
TFTC TFTC TFTC TFTC 73 x 104 1.46 x 104 
LT sample 1 
(CFU/plate) 
TFTC TFTC TFTC TFTC 78 x 104 1.56 x 104 
1.45 x 104 0.16 x 104 
LT sample 2 
(CFU/plate) 
TFTC TFTC TFTC TFTC 63 x 104 1.26 x 104 
LT sample 3 
(CFU/plate) 
TFTC TFTC TFTC TFTC 76 x 104 1.52 x 104 
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Table 25. The concentration of E.coli after filtration 
       
CFU/mL 
Average 
CFU/mL 
STDEV 
CFU/mL 
Filtered 
volume (mL) 
1 
(10-2 
dilution) 
0.1 0.5 1 5 500 
56 53  11.8 
HT sample 1 
(CFU/plate) 
TFTC TFTC TFTC 56 TMTC TMTC 
HT sample 2 
(CFU/plate) 
TFTC TFTC TFTC 40 TMTC TMTC 
40 
HT sample 3 
(CFU/plate) 
TFTC TFTC TFTC 63 TMTC TMTC 
63 
LT sample 1 
(CFU/plate) 
TFTC TFTC 78 TMTC TMTC TMTC 
156 
148 9.2 
LT sample 2 
(CFU/plate) TFTC TFTC 69 TMTC TMTC TMTC 138 
LT sample 3 
(CFU/plate) TFTC TFTC 75 TMTC TMTC TMTC 150 
 
 
Table 26. Detailed E.coli concentration after SODIS 
       CFU/mL 
STDEV 
CFU/mL Filtered volume (mL) 0.5 1 5 10 60 100 
Bottle 1 (CFU/plate) TFTC TFTC 69 TMTC TMTC TMTC 13.8 1.13 
Bottle 2 (CFU/plate) TFTC TFTC 78 TMTC TMTC TMTC 15.6 0.57 
Bottle 3 (CFU/plate) TFTC TFTC 35 TMTC TMTC TMTC 7.0 0.57 
Bottle 4 (CFU/plate) TFTC TFTC 56 TMTC TMTC TMTC 11.2 0.28 
Bottle 5 (CFU/plate) TFTC 56 TMTC TMTC TMTC TMTC 56.0 0.85 
Bottle 6 (CFU/plate) TFTC 23 TMTC TMTC TMTC TMTC 23.0 0.57 
Bottle 7 (CFU/plate) TFTC TFTC 74 TMTC TMTC TMTC 14.8 1.13 
Bottle 8 (CFU/plate) TFTC TFTC 54 TMTC TMTC TMTC 10.8 0.85 
Bottle 9 (CFU/plate) TFTC TFTC TFTC TFTC 63 TMTC 1.1 0.12 
Bottle 10 (CFU/plate) TFTC TFTC TFTC TFTC 77 TMTC 1.3 0.02 
Bottle 11 (CFU/plate) TFTC TFTC TFTC TFTC 24 TMTC 0.4 0.05 
Bottle 12 (CFU/plate) TFTC TFTC TFTC TFTC 40 TMTC 0.7 0.07 
Bottle 13 (CFU/plate) TFTC TFTC TFTC 23 TMTC TMTC 2.3 0.14 
Bottle 14 (CFU/plate) TFTC TFTC TFTC 45 TMTC TMTC 4.5 0.14 
Bottle 15 (CFU/plate) TFTC TFTC TFTC TFTC 45 TMTC 0.75 0.09 
Bottle 16 (CFU/plate) TFTC TFTC TFTC TFTC 56 TMTC 0.93 0.07 
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[D-1-3] The weather data on the experiment day for E.coli (9/10/2016) 
 
 
Figure 17. Air temperature change on 9/10/2016 during SODIS for E.coli 
(http://weather.usu.edu/, 2016) 
 
 
Figure 18.  24-hours short wave radiation recorded on 9/10/2016 during SODIS for 
E.coli (http://weather.usu.edu/, 2016) 
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Figure 19. 24-hours net radiation recorded on 9/10/2016 during SODIS for E.coli 
(http://weather.usu.edu/, 2016) 
 
[D-2] For MS2 
Table 27. The water temperature change during SODIS for MS2 
For the 10 hours exposure period: 
Time 9:00 am 11:00 am 1:00 pm 3:00 pm 5:00 pm 7:00 pm 
Temp in 1L 
bottle (°C) 
19 23.3 34.3 38.4 42.3 35.6 
Temp in 2L 
bottle (°C) 
19 23.1 34 38.3 42.2 37.9 
For the 6 hours exposure period: 
Time 10:00 
am 
12:00 pm 2:00 pm 4:00 pm 
Temp in 1L 
bottle (°C) 
19 31.1 36.2 42.2 
Temp in 2L 
bottle (°C) 
19 31 36 41.5 
 
 
88 
 
 
 
 (D-2-1) The R codes for the MS2 statistical analysis and figures 
The change in the water temperature during exposure: 
# 1L & 2L bottles (10 h) 
> Temp1L=c(19,23.3,34.3,38.4,42.3,35.6) 
> Temp2L=c(19,23.1,34,38.3,42.2,37.9) 
> plot(Temp1L~Time,xlab="Time (10 h)",ylab="Temp °C",pch=16,col="blue",type='b') 
>  points (Temp2L~Time,pch=24,col="red",type='b') 
# 1L & 2L bottles (6 h) 
> Time6=c(10,12,14,16) 
> Temp1L6=c(19,31.1,36.2,42.2) 
> Temp2L6=c(19,31,36,41.5) 
> plot(Temp1L6~Time6,xlab="Time (6 h)",ylab="Temp °C",pch=16,col="blue",type='b') 
> points(Temp2L6~Time6,pch=24,col="red",type='b') 
The application of the factorial experimental design for the removal of MS2 using four 
factors and their interactions: 
z=ffDesMatrix(4) 
T=z[1:16,1] 
DO=z[1:16,2] 
BV=z[1:16,3] 
ET=z[1:16,4] 
# where T=turbidity, DO= dissolved oxygen, BV= bottle volume, ET= exposure time 
y=c(4.43,3.34,4.43,3.34,3.76,3.53,4.43,3.34,5.25,4.49,4.85,6.51,4.42,6.50,4.58,6.69) 
lm.z=lm(y~(T+DO+BV+ET)^2) 
residuals=lm.z$residuals 
 plot (residuals)                                    
coef=lm.z$coefficient 
 effects=lm.z$coefficient*2 
 effects 
 
(Intercept)           T             DO             BV               ET              T:DO  
    9.23625     0.19875     0.30625     0.07625     1.58625     0.19875  
       T:BV        T:ET             DO:BV       DO:ET           BV:ET  
    0.51875     1.07375    -0.09875     0.18625     0.19625  
probplot (effects [2:16]) 
Anova Check for the significant effects and interactions  
> ma.lm=lm (y~T+DO+BV+ET+I(T*DO)+I(T*BV)+I(T*ET)+I(DO*BV)+I(DO*ET)+I(BV*ET)) 
ma.lm2=lm (y~ET+I(T*ET)) 
> anova(ma.lm,ma.lm2) 
Analysis of Variance Table 
Model 1: y ~ T + DO + BV + ET + I(T * DO) + I(T * BV) + I(T * ET) + I(DO *  
    BV) + I(DO * ET) + I(BV * ET) 
Model 2: y ~ ET + I(T * ET) 
  Res.Df    RSS Df       Sum of Sq      F         Pr(>F) 
1      5    2.0517                            
2     13    4.1743 -8    -2.1227     0.6466   0.7224 
ET, and T:ET are significant 
To check for T:BV 
ma.lm3=lm(y~ET+I(T*ET)+I(T*BV)) 
anova(ma.lm3,ma.lm2) 
Analysis of Variance Table 
Model 1: y ~ ET + I(T * ET) + I(T * BV) 
Model 2: y ~ ET + I(T * ET) 
  Res.Df    RSS Df     Sum of Sq        F             Pr(>F)   
1     12     3.0979                               
2     13     4.1743 -1     -1.0764     4.1695    0.06377  
T:BV is not significant 
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[D-2-2] The weather data on the experiment day for MS2 (9/19/2016) 
 
 
Figure 20. Air temperature change on 9/19/2016 during SODIS for MS2 
(http://weather.usu.edu/, 2016) 
 
 
Figure 21. 24-hours short wave radiation recorded on 9/19/2016 during SODIS for 
MS2 (http://weather.usu.edu/, 2016) 
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Figure 22. 24-hours net radiation recorded on 9/19/2016 during SODIS for MS2 
(http://weather.usu.edu/, 2016) 
 
[D-3] For Clostridium perfringens 
Table 28. The water temperature change during SODIS for Clostridium perfringens 
For the 10 hours exposure period: 
Time 9:00 am 11:00 am 1:00 pm 3:00 pm 5:00 pm 7:00 pm 
Temp in 1L bottle 
(°C) 
17.5 16.2 24.2 29.5 29.7 22 
Temp in 2L bottle 
(°C) 
17.5 17.3 23.1 28.8 30.1 21 
For the 6 hours exposure period: 
Time 10:00 
am 
12:00 pm 2:00 pm 4:00 pm 
Temp in 1L bottle 
(°C) 
17.5 20.5 30.3 31.5 
Temp in 2L bottle 
(°C) 
17.5 21.5 29.1 31.4 
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(D-3-1) The R codes for Clostridium perfringens statistical analysis and figures 
The change in the water temperature during exposure: 
# 1L & 2L bottles (10 h) 
> Time=c(9,11,13,15,17,19) 
> Temp1L=c(17.5 ,16.2, 24.2,29.5,29.7,22) 
> Temp2L=c(17.5,17.3,23.1,28.8,30.1,21) 
> plot(Temp1L~Time,xlab="Time (10 h)",ylab="Temp °C",pch=16,col="blue",type='b') 
>  points (Temp2L~Time,pch=24,col="red",type='b') 
# 1L & 2L bottles (6 h) 
> Time6=c(10,12,14,16) 
> Temp1L6=c(17.5,20.5,30.3,31.5) 
> Temp2L6=c(17.5,21.5,29.1,31.4) 
> plot(Temp1L6~Time6,xlab="Time (6 h)",ylab="Temp °C",pch=16,col="blue",type='b') 
> points(Temp2L6~Time6,pch=24,col="red",type='b') 
The application of the factorial experimental design for the removal of Clostridium 
perfringens using four factors and their interactions: 
> z=ffDesMatrix(4) 
> T=z[1:16,1] 
> DO=z[1:16,2] 
> BV=z[1:16,3] 
> ET=z[1:16,4] 
# where T=turbidity, DO= dissolved oxygen, BV= bottle volume, ET= exposure time 
> y=c(5.57,5.42,5.62,5.44,5.57,5.41,5.61,5.43,5.67,5.50,5.74,5.54,5.64,5.44,5.69,5.54) 
> lm.z=lm(y~(T+DO+BV+ET)^2) 
> residuals=lm.z$residuals 
> coef=lm.z$coefficient 
> effects=lm.z$coefficient*2 
>  effects 
(Intercept)           T             DO              BV                ET               
T:DO  
   11.10375    -0.17375     0.04875    -0.02125     0.08625    -0.00375  
       T:BV         T:ET               DO:BV       DO:ET       BV:ET  
    0.00125      -0.00625     0.00375     0.01625    -0.01375 
> probplot (effects [2:16]) 
Anova Check for the significant effects and interactions  
By dropping all the interactions: 
> ma.lm=lm (y~T+DO+BV+ET+I(T*DO)+I(T*BV)+I(T*ET)+I(DO*BV)+I(DO*ET)+I(BV*ET)) 
> ma.lm2=lm (y~T+DO+ET+BV) 
> anova(ma.lm,ma.lm2) 
Analysis of Variance Table 
Model 1: y ~ T + DO + BV + ET + I(T * DO) + I(T * BV) + I(T * ET) + I(DO *  
    BV) + I(DO * ET) + I(BV * ET) 
Model 2: y ~ T + DO + ET + BV 
  Res.Df       RSS Df            Sum of Sq      F            Pr(>F) 
1      5    0.0013312                             
2     11   0.0034187 -6    0.0020875      1.3067    0.3934 
All the interactions are not significant 
To double check for BV 
> ma.lm3=lm(y~T+DO+ET+BV) 
> anova(ma.lm3,ma.lm2) 
Analysis of Variance Table 
Model 1: y ~ T + DO + ET + BV 
Model 2: y ~ T + DO + ET 
   
Res.Df       RSS Df              Sum of Sq      F                  Pr(>F)   
1     11    0.0034187                                
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2     12    0.0052250 -1    -0.0018062   5.8117      0.03457 * 
All the factors are significant 
  
[D-3-2] The details of the recorded concentrations and analyzed volumes for Clostridium 
perfringens 
Table 29. The Clostridium perfringens spores’ concentration before settling 
       
CFU/mL Average 
(CFU/mL) 
STDEV 
Filtered volume (mL) 1 3 5 15 20 
4.2 x 
102 
5.07x102 
0.9 x 
102 
Sample 1 (CFU/plate) TFTC TFTC 21 x 102  TMTC TMTC 
 Sample 2 (CFU/plate) TFTC TFTC 30 x 102 TMTC TMTC  6 x 102 
Sample 3 (CFU/plate) TFTC TFTC 25 x 102 TMTC TMTC 5 x 102 
 
Table 30. The Clostridium perfringens spores’ concentration after settling 
     
CFU/mL Average 
 
CFU/mL 
STDEV 
CFU/mL 
Filtered 
volume (mL) 
1 (10-1 
dilution) 
5 (10-1 
dilution) 1 5 
60 
58.0    7.21 
HT sample 1 
(CFU/plate) TFTC 30 TMTC TMTC 
HT sample 2 
(CFU/plate) TFTC 25 TMTC TMTC 50 
HT sample 3 
(CFU/plate) TFTC 32 TMTC TMTC 64 
LT sample 1 
(CFU/plate) 27 TMTC TMTC TMTC 270 
303.3 41.6 
LT sample 2 
(CFU/plate) 29 TMTC TMTC TMTC 290 
LT sample 3 
(CFU/plate) 35 TMTC TMTC TMTC 350 
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Table 31. The Clostridium perfringens spores’ concentration after filtration 
       
 CFU/mL Average 
CFU/mL 
STDEV 
CFU/mL 
Filtered 
volume (mL) 
1  3 5 10 50 100 1000  
0.0347 0.005 
HT sample 1 
(CFU/plate) 
TFT
C 
TFT
C 
TFTC TFTC TFTC TFTC 31 
0.031 
HT sample 2 
(CFU/plate) 
TFT
C 
TFT
C 
TFTC TFTC TFTC TFTC 33 
0.033 
HT sample 3 
(CFU/plate) 
TFT
C 
TFT
C 
TFTC TFTC TFTC TFTC 40 
0.040 
LT sample 1 
(CFU/plate) 
TFT
C 
TFT
C 
78 TFTC TFTC TFTC 21 
0.021 
0.0233 0.003 
LT sample 2 
(CFU/plate) 
TFT
C 
TFT
C 
69 TFTC TFTC TFTC 23 
0.023 
LT sample 3 
(CFU/plate) 
TFT
C 
TFT
C 
75 TFTC TFTC TFTC 26 
0.026 
 
 
Table 32. The Clostridium perfringens spores’ concentration after SODIS (duplicate 
for each analyzed volume) 
      Average 
CFU/mL 
STDEV 
CFU/mL Filtered volume (mL) 1 5 10 50 100 
Bottle 1 (CFU/plate) 80 TMTC TMTC TMTC TMTC 80 0.7 
Bottle 2 (CFU/plate) 77 TMTC TMTC TMTC TMTC 77 4.2 
Bottle 3 (CFU/plate) 71 TMTC TMTC TMTC TMTC 71 2.8 
Bottle 4 (CFU/plate) 73 TMTC TMTC TMTC TMTC 73 9.9 
Bottle 5 (CFU/plate) 80 TMTC TMTC TMTC TMTC 80 0.7 
Bottle 6 (CFU/plate) 78 TMTC TMTC TMTC TMTC 78 2.8 
Bottle 7 (CFU/plate) 73 TMTC TMTC TMTC TMTC 73 4.2 
Bottle 8 (CFU/plate) 75 TMTC TMTC TMTC TMTC 75 7.1 
Bottle 9 (CFU/plate) 64 TMTC TMTC TMTC TMTC 64 7.1 
Bottle 10 (CFU/plate) 66 TMTC TMTC TMTC TMTC 66 7.1 
Bottle 11 (CFU/plate) 55 TMTC TMTC TMTC TMTC 55 5.7 
Bottle 12 (CFU/plate) 59 TMTC TMTC TMTC TMTC 59 9.9 
Bottle 13 (CFU/plate) 69 TMTC TMTC TMTC TMTC 69 5.7 
Bottle 14 (CFU/plate) 73 TMTC TMTC TMTC TMTC 73 2.8 
Bottle 15 (CFU/plate) 61 TMTC TMTC TMTC TMTC 61 9.9 
Bottle 16 (CFU/plate) 58 TMTC TMTC TMTC TMTC 58 8.5 
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[D-3-3] The weather data on the experiment day for Clostridium perfringens 
(10/12/2016) 
 
Figure 23. 24-hours short wave radiation recorded on 10/12/2016 during SODIS for 
Clostridium perfringens (http://weather.usu.edu/, 2016) 
 
Figure 24. Air temperature change on 10/12/2016 during SODIS for Clostridium 
perfringens (http://weather.usu.edu/, 2016) 
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Figure 25. 24-hours net radiation recorded on 10/12/2016 during SODIS for 
Clostridium perfringens (http://weather.usu.edu/, 2016) 
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Appendix E 
Visualized Monitored Parameters 
 
Figure 26. The change in DO, temperature, pH, and turbidity during the E.coli 
analysis (the error bars represent the standard deviation) 
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Figure 27. The change in DO, temperature, pH, and turbidity during the MS2 
analysis (the error bars represent the standard deviation) 
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Figure 28. The change in DO, temperature, pH, and turbidity during the 
Clostridium perfringens analysis (the error bars represent the standard deviation) 
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